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Motivation
Solar flares Earth’s magnetosphere

Sawtooth in tokamaks



Motivation: plenty of  others!

•  Fusion reactors (tokamaks): tearing 
modes, disruptions, edge-localized 
modes

•  Laser-solid interactions (inertial 
confinement fusion)

•  Magnetic dynamo
•  Flares (accretion disks, magnetars, 

blazars, etc)
•  Etc.

Doerk et al. ‘11

Recent review papers: Zweibel & Yamada ’09; Yamada et 
al., ’10; also books by Biskamp and Priest & Forbes.
Reconnection in exotic HED environments: Uzdensky ‘11



The simplest description of  
reconnection: the Sweet-Parker model

δSP

LCS

S = LCSVA/η

δSP /LCS ∼ S−1/2

uin/VA ∼ S−1/2

E ∼ cB0VAS
−1/2

Peter Sweet (‘58) and Eugene Parker (‘57) attempted to 
describe reconnection within the framework of  resistive 
magnetohydrodynamics (MHD).

Typical solar corona parameters yield S~1014 ; this theory then predicts that 
flares should last ~2 months; in fact, flares last 15min – 1h.
(still, Sweet-Parker (SP) theory was a great improvement on simple resistive 
diffusion of  magnetic fields, which would yield ~3.106 years…)



The problem

•  Most applications of  interest have S>>1. SP reconnection 
rates orders of  magnitude too slow to explain 
observations. This was immediately appreciated --- but 
how to fix it?

•  Most notorious attempt to solve the problem within MHD 
theory was proposed by Petschek (‘63) --- no convincing 
evidence for it was ever found.

•  Perhaps a more sophisticated description of  the plasma is 
required: kinetic effects?

•  It is now widely believed that kinetic reconnection is fast.



Resistive MHD reconnection: an 
unsolved problem

•  However:
1.  Not all plasmas are collisionless! Many astrophysical 

environments (e.g. solar chromosphere, interstellar medium, inside stars and 
accretion disks), and laboratory experiments (e.g., MRX, SSX) are 
sufficiently collisional for resistive MHD to apply. Can 
reconnection be fast in these environments?
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SP current sheet instability (Loureiro et al., ’07)

Rigorous analytical linear theory. Main points:

1- Assume incompressible flow profile of  the form:

2- Obtain consistent reconnecting magnetic field 
from resistive induction equation.

3- Linearize RMHD eqs and look for perturbations

4- Asymptotic expansion using S>>1. 

5- Obtain:

ux = −vAx/LCS ; uy = VAy/LCS

γ � VA/LCS ≡ 1/τA

γmaxτA ∼ S1/4

kmaxLCS ∼ S3/8

Super Alfvenic growth!!

Plasmoids galore!!



Current sheet instability: threshold

•  To a good approximation, outflows in the CS are linear 
(Yamada et al. ’00, Uzdensky & Kulsrud ’00):

•  For any perturbation to grow, its growth rate needs to 
exceed the shearing rate:

€ 

vy ≈VA y /LCS

€ 

γτA >>1⇒ S1/ 4 >>1

 Critical threshold for instability:  

€ 

Sc ~ 10
4

€ 

γmaxτA ~ S
1/ 4

Linear theory predicts:



Numerical confirmation of  linear theory

Numerical simulations confirm scalings predicted by 
linear theory (Samtaney et al., PRL ‘09).



Nonlinear stage: �
hierarchical plasmoid chains

(Shibata & Tanuma ’01)

 Long current sheets (S > Sc ~ 104) are violently unstable to multiple plasmoid 
formation.

•  Current layers between any two plasmoids are 
themselves unstable to the same instability if

•  Plasmoid hierarchy ends at the critical layer: 

•  N ~ L / Lc  plasmoids separated by near-
critical current sheets.

Sn = LnVA/η > Sc



Hierarchical Plasmoid Chains

(Shibata & Tanuma ’01)

 Long current sheets (S > Sc ~ 104) are violently unstable to multiple plasmoid 
formation.

Barta et al., ‘11
(also Huang et al., ‘10)



Plasmoid-dominated reconnection: �
the ULS model	


Theoretical model (ULS) (Uzdensky et al., PRL ’10) attempts to 
describe reconnection in stochastic plasmoid chains.	


Key results: 
•  Nonlinear statistical steady state exists; effective reconnection 

rate is:	

	
 	
 	
Eeff ~ Sc

-1/2~ 0.01    independent of S !	


•  Plasmoid flux and size distribution functions are: 	

	
 	
 	
f(ψ) ~ ψ-2    ;   f(wx) ~ wx

-2	


•  Monster plasmoids form occasionally: 	

    	
 	
wmax ~  0.1 L --- can disrupt the chain, observable 	




High-Lundquist-number reconnection
Direct numerical simulations to investigate magnetic 
reconnection at S>Sc (Loureiro et al., PoP ‘12)

S=106, res. 163842



Reconnection and dissipation rates

Ẽeff ≈ 0.02

~ 40% of  incoming 
magnetic energy dissipated 
into heat

Sweet-Parker rate

Sweet-Parker model breaks down for S>104

(see also: Lapenta ‘08, 
Bhattacharjee ‘09, Huang 
‘10, ‘12)(Loureiro et al., ‘12)



Monster plasmoid formation
tim

e



Monster plasmoid formation

Time-to-monster
a few Alfvén times, 
independent of  S

(Loureiro et al., ‘12)



Generalized linear theory of  current 
sheet instability

(Loureiro et al., PRE ’13)

Some astrophysical plasmas have large (perpendicular) 
Prandtl number                     . In that case, linear theory 
scalings are

The critical Lundquist number for instability is:

Pm = ν⊥/η



Generalised linear theory: transition to 
KH instability?

uy ≈ y

LCS
VAu

�
x

δCS

�

By ≈ B0

�

1− y2

L2
CS

f

�
x

δCS

�

A magnetic field aligned with 
a sheared flow can stabilize 
the Kelvin-Helmholtz 
instability if  B0>u0

δSP

LCS

(Loureiro et al., PRE ’13)

y 
x 



Generalised linear theory: transition to 
KH instability?

a → δCS ∼ LCSS
−1/2



Ongoing 3D studies

Schoeffler & Loureiro, in prep. (‘13)
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Bz/By = 0.3

S!1/2

Ẽeff ≈ 0.02Interestingly the same rate as in 2D; 
coincidence? Transition seems to happen 
earlier. Both rate and transition may be 
functions of  the guide field.

S=3x104 ; Bz/By=0.3 



Reality check

There seems to be 
abundant evidence 
for plasmoids in 
solar flares and 
Earth’s magnetotail 
(see Loureiro PRE 
‘13 and refs. 
therein).

Karlicky & Kliem ‘10



Reality check

Takasao et al. ‘12



Summary

•  The Sweet-Parker model of  reconnection is invalid at high 
values of  the Lundquist number.

•  The instability of  the current sheet to multiple plasmoid 
formation enables fast MHD reconnection. Current sheet 
may also be unstable to the KH instability (TBC)

•  We have proposed a statistical model of  reconnection via 
stochastic plasmoid chains; its main features are reproduced 
by direct numerical simulations. Predicts plasmoid 
distribution functions and monster plasmoids.

•  Monster plasmoids shown by simulations to always occur in a 
few Alfvén times, independent of  S. May have important 
observational consequences: should correspond to massive 
energy bursts (c.f., e.g.,  Giannios ‘12, blazar flaring on minute timescales)



Extra slides



Turbulent 2D MHD reconnection is also fast!

(from Loureiro et al., MNRAS ‘09)	



