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MHD	
  Reconnec&on	
  

•  Requires	
  a	
  current	
  sheet	
  discon&nuity	
  to	
  form	
  
in	
  the	
  magne&c	
  field	
  

•  Discon&nuous	
  magne&c	
  field	
  connec&vity	
  
(topology)	
  give	
  rise	
  to	
  discon&nuous	
  stresses	
  

•  Favorable	
  loca&ons	
  for	
  CS	
  forma&on	
  
– Along	
  magne&c	
  field	
  separatricies	
  between	
  nested	
  
(mulipolar)	
  flux	
  structures	
  

– Along	
  discon&nui&es	
  in	
  the	
  boundary	
  flow	
  



Basic	
  Types	
  of	
  Reconnec&on	
  

•  Reconnec&on	
  across	
  separatricies	
  in	
  a	
  
complex	
  magne&c	
  field	
  structure:	
  
– Nested	
  (mul&polar)	
  topologies	
  
– Null-­‐points	
  (embedded	
  bipolar	
  structures)	
  
– Relaxa&on	
  of	
  field	
  line	
  braiding	
  (Parker	
  hea&ng)	
  
–  Ideal	
  instabili&es	
  (e.g.,	
  kink)	
  

•  Heliospheric	
  current	
  sheet	
  Y-­‐point:	
  
– Pinch	
  disconnec&on	
  
–  Interchange	
  



Coronal	
  Environment	
  

•  Magnetically Dominated: 
– β << 1 

•  Quasi-steady Evolution: 
– VAlfven >> VDrivers 

•  Highly Non-Dissipative: 
– Rm > 1010 

•  Ideal MHD (mostly) valid 
– λ << L Gary, 2001 

Photosphere	
  

Chromosphere	
  

Corona	
  

Solar	
  Wind	
  
Accelera&on	
  Region	
  



Coronal	
  Magne&c	
  Field	
  Structure	
  

•  Photospheric	
  flux	
  distribu&on	
  governs	
  coronal	
  
hole	
  paVern	
  

•  Highly	
  complex,	
  nested,	
  mul&polar	
  structure	
  

SOHO:	
  MDI,	
  EIT	
  195.	
  09	
  Jan	
  2008	
   SOHO:	
  MDI,	
  EIT	
  195.	
  09	
  Nov	
  2002	
  



Magne&c	
  Separatrices	
  

•  Boundaries	
  between	
  magne&c	
  domains	
  of	
  
different	
  connec&vity	
  (topology)	
  

•  Intrinsic	
  property	
  of	
  magne&c	
  field	
  geometry	
  

Habbal,	
  et	
  al.	
  
NASA	
  SDO:	
  HMI,	
  AIA	
  171.	
  10	
  May	
  2012	
  	
  



Embedded	
  Bipole	
  

•  Simplest,	
  non-­‐trivial	
  
structure	
  

•  Ubiquitous	
  throughout	
  the	
  
corona	
  

•  Occurs	
  with	
  all	
  local	
  PIL's,	
  
over	
  large	
  range	
  of	
  scales	
  

MDI	
  14	
  Jan	
  2010	
   EIT	
  171A	
  14	
  Jan	
  2010	
  



Reconnection: 

Reconnec&on:	
  Null-­‐Point	
  /	
  Separatrix	
  

Initial State: Stressed State: 
Deformed null-patch 
 

General Energy Injection 
(flux/helicity injection, boundary flow) 

Merging Plasma 
Flow 

Merging Plasma Flow 

Reconnection 
Jet 

Reconnection Jet 



Current	
  Sheet	
  Forma&on	
  

•  Reconnec&on	
  current	
  
sheet	
  along	
  separatrix	
  
around	
  deformed	
  null	
  



Topology	
  Remains	
  Smooth	
  
Rigid	
  Body	
  Convec&on	
   Pure	
  Helicity	
  Injec&on	
  

•  Coronal	
  holes	
  remain	
  connected	
  
via	
  open	
  field	
  corridors	
  



Current	
  Discon&nui&es	
  



HCS	
  Y-­‐Point	
  Region	
  

•  Quasi-­‐rigid	
  coronal	
  hole	
  rota&on	
  implies	
  
con&nuous	
  opening/closing	
  field	
  

•  ‘‘Streamer	
  blob“	
  plasmoid	
  release	
  

•  Con&nuous	
  wind	
  à	
  
HCS	
  Y-­‐point	
  unstable	
  
– Tearing	
  mode	
  
– Fluid	
  instabili&es	
  



Unstable	
  Streamer	
  Stalk	
  

•  Tearing	
  instability	
  leads	
  to	
  fluid	
  
instability	
  

~5 = 5 in the 2D calculations described in the next subsec- 
tion. 

In contrast, only a travelling tearing mode exists for fi- 
nite resistivity in the magnetically dominated limit (A >> 
I); the phase velocity is quite small, however, so for our 
purposes this can be considered a static tearing mode. 
This mode has the same symmetry as the varicose fluid 
mode, although the instabilities are driven by different 
physical mechanisms (see (6) for a comprehensive expla- 
nation). 

ear regime to of order an, the neutral sheet width, in the 
nonlinear phase. 

The striking new feature in this calculation is the de- 
velopment of a slightly broader velocity profile with sub- 
stantial acceleration of the slowest fluid at the center of 
the wake (see (6) for an explanation of the underlying 
physics).The average flow profiles at all times after t = 0 
clearly exhibit an acceleration centered about y = 0 as 
well as some broadening (see Figure 4, (9)). The acceler- 
ation of the central portion of the wake seems to be ideal 
because the flow distorts very rapidly compared with the 
tearing time scale, and because the new flow distortion is 
not localized about the resistive layer. Hence we conclude 
that the acceleration is a flow-driven phenomenon: that 
is, the energy for accelerating the wake minimum comes 
from the faster portions of the wake and not from the neu- 
tral sheet. In contrast to the stabilization predicted by lin- 
ear analysis of the initial, magnetically dominated config- 
uration, our nonlinear simulations demonstrate that, even 
for high A, the Kelvin--Helmholtz instability is allowed 
to grow as soon as the magnetic field is distorted by tear- 
ing and the nonlinear effects produce an appreciable de- 
parture from the initial magnetic structure, yielding the 
same central acceleration as expected from the fluid mode 
in a non-magnetized wake. 

FIGURE 2. The magnetic vector potential in the vicinity of the 
neutral sheet for the ideal sinuous and resistive varicose modes 
(not to scale). 

Nonlinear Saturation and Coalescence 

Next we studied the time-dependent, nonlinear evolu- 
tion of selected cases relevant to the streamer belt, using 
the same 2D incompressible MHD code as in (8, 6). In 
each calculation, a small amplitude (E = 10 -6) perturba- 
tion at the fastest growing wavenumber c~ of the selected 
mode, as identified by the linear analysis, was added to 
the initial state defined by Equation 1. 

In the tearing case, the perturbation starts growing ex- 
ponentially at a rate in perfect agreement with the com- 
puted linear growth rate (coi= 0.31). The velocity and 
magnetic fields initially behave as expected for a classic 
tearing instability: magnetic islands form with stream- 
wise length equal to the perturbation wavelength, while 
their cross-stream size grows from infinitesimal in the lin- 

In the flow-dominated low-A case [see Figure 6, (9)], 
the ideal sinuous mode produces even more accelera- 
tion of the central portion of the wake than was seen in 
the high-A calculation. The sinuous mode also produces 
more structural deformation than the varicose modes, due 
to the development of staggered eddies on either flank 
of the wake. Tearing instabilities are precluded by the 
low Alfv6n number; hence the acceleration is evidently a 
flow-based effect, in agreement with the high-A results. 
The difference is that the ideal varicose mode, rather than 
the (stabilized) sinuous mode, causes the acceleration in 
the magnetically dominated regime (A > 1), and only af- 
ter being enabled by the nonlinear tearing mode. 

For purposes of applying our results to streamers, we 
must address the long-term evolution of the sinuous mode 
because the solar wind spends most of its time in the 
fluid-dominated portion of the heliosphere. As we dis- 
cuss in the next section, three-dimensional considerations 
become paramount once the sinuous mode has reached 
nonlinear saturation, necessitating 3D nonlinear simula- 
tions to decipher its behavior at late times. In particular, 
the competition between coalescence and secondary in- 
stability will dictate the ultimate topology of the system. 
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Abstract. We have investigated a magnetohydrodynamic mechanism which accounts self-consistently for the vari- 
ability, latitudinal extent, and bulk acceleration of the slow solar wind. Our model represents a streamer beyond the 
underlying coronal helmet as a neutral sheet embedded in a plane fluid wake, characterized by two parameters which 
vary with distance from the Sun: the ratio of the cross-stream velocity scale to the neutral sheet width (5), and the ratio 
of the typical Alfv6n velocity to the typical flow speed far from the neutral sheet (A). Depending on the values of these 
parameters, our linear theory predicts that this system responds to perturbations with three kinds of instability: a stream- 
ing tearing instability, and two ideal fluid instabilities with different cross-stream symmetries (varicose and sinuous). In 
the magnetically-dominated region near the helmet cusp, the streamer is resistively and ideally unstable, evolving from 
tearing-type reconnection in the linear regime to a nonlinear varicose fluid instability. Travelling magnetic islands are 
formed which are similar to "blobs" recently revealed by the Large-Angle Spectroscopic COronagraph (LASCO) on the 
joint ESA/NASA Solar and Heliospheric Observatory (SOHO). Past the Alfv~n point, the tearing mode is suppressed but 
an ideal sinuous fluid mode can develop, producing additional acceleration up to typical slow-wind speeds and substan- 
tial broadening of the wake. Farther from the Sun, the streamer becomes highly turbulent, thus slowing the acceleration 
and producing strong filamentation throughout the core of the wake. 

INTRODUCTION 

The solar wind has two distinct components: the fast 
wind (average velocity v > 500 km s- l) ,  which origi- 
nates in the polar coronal holes and similar open-field 
regions and is characterized by a high degree of cor- 
relation between the fluctuating velocity and magnetic 
fields (12, 17); and the slow wind (v < 500 km s-l) ,  
originating in and around the coronal streamer belt, in 
which the fluctuating velocity and magnetic fields are 
largely uncorrelated and filamentary structures are much 
narrower than in the fast wind (18, 25).The general as- 
sociation between slow solar wind, the heliospheric cur- 
rent sheet, and coronal streamers at and beyond 1 AU has 
been known for decades (e.g., (11)). Recently, however, 
radio scintillation (IPS) measurements as well as obser- 
vations with the UltraViolet Coronagraph Spectrometer 
(UVCS) and LASCO instruments on SOHO have identi- 
fied streamer stalks close to the Sun as the origin of this 
component (13, 26). The slow wind also has been traced 
through the streamer belt by tracking distinct bright fea- 
tures (hereafter referred to as "blobs") which appear pas- 
sively convected with the ambient flow (19, 23). These 
blobs are observed to accelerate to an average velocity of 

• supported in part by NASA's SEC Theory and SR&T programs and 
ONR 

,-~ 300+ 100 km s -1 between 5 and 25 Ro, although there 
is wide variation among these possible plasmoids with re- 
spect to their speed vs height profile and maximum range 
of visibility. 

FIGURE 1. Model of the coronal streamer belt, and definition 
sketch of the wake--neutral sheet in the computational domain. 

To account for the source and evolution of the slow 
wind, either the closed magnetic field of the underlying 
helmet opens episodically [but frequently enough to pro- 
duce a quasi-steady wind; e.g., (21, 23)], or something 
happens to the base-driven thermal wind (16) beyond the 
helmet cusps which can produce the observed features 

CP471, Solar Wind Nine, edited by S. R. Habbal, R. Esser, J. V. Holtweg, and P. A. Isenberg 
1999 The American Institute of Physics 1-56396-865-7 
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Summary	
  

•  Two	
  favorable	
  regions	
  for	
  CS	
  forma&on:	
  
– Separatricies	
  bounding	
  nested	
  structures	
  
– Heliospheric	
  Current	
  Sheet	
  Y-­‐point	
  region	
  

•  Stress	
  discon&nui&es	
  across	
  separatrices	
  give	
  
rise	
  to	
  reconnec&ng	
  current	
  sheets	
  

•  HCS	
  Y-­‐point	
  region	
  unstable	
  to	
  tearing,	
  which	
  
leads	
  to	
  plasmoid	
  accelera&on	
  by	
  fluid	
  
instability	
  



Quasi-Steady Evolution  


