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Outline	
  
•  Do	
  we	
  have	
  clear	
  understanding	
  of	
  c’less	
  2D	
  EDR?	
  
•  Diffusion	
  in	
  an&parallel	
  2D	
  collisionless	
  
reconnec&on	
  (nearly	
  textbook	
  task)	
  

•  Ohm’s	
  law	
  terms	
  across	
  diffusion	
  region	
  
•  Inner	
  and	
  external	
  EDR	
  
•  Electron	
  pressure	
  anisotropy	
  in	
  the	
  inner	
  and	
  
external	
  EDR	
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DR	
  in	
  collisionless	
  reconnec&on	
  
•  Diffusion	
  in	
  an&parallel	
  collisionless	
  
reconnec&on.	
  

•  Unmagne&zed	
  electrons:	
  meandering	
  mo&ons.	
  
•  Several	
  models	
  for	
  electron	
  pressure	
  closure	
  
near	
  X-­‐line	
  were	
  developed	
  previously,	
  
however…	
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EDR:	
  Ohm’s	
  law	
  
Pyz	
  

‘classical’	
  EDR:	
  
|VexB|<|Ez|	
  

Ez	
  

-­‐[vexB]z	
  

‘extended’	
  EDR:	
  
|VexB|>|Ez|	
  

Anisotropy	
  of	
  electron	
  
pressure	
  	
  (mostly	
  Peyz)	
  
supports	
  Ez	
  	
  near	
  X-­‐
point)	
  



Simula&on	
  
•  Implicit	
  par&cle-­‐in-­‐cell	
  (PIC)	
  electromagne&c	
  parallel	
  
code	
  [Markidis,	
  2010]	
  iPIC3D	
  

•  Harris	
  equilibrium	
  +	
  X-­‐point	
  ini&al	
  perturba&on	
  
•  Lx=96di	
  ,	
  Ly=16di	
  	
  (3456x576	
  grid	
  cells)	
  

•  Mass	
  ra&o	
  mi/me=256,	
  c/vA=103,	
  Ti/Te=5	
  
•  2D	
  plane:	
  X-­‐Y;	
  current	
  direc&on:	
  Z	
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What	
  do	
  we	
  understand	
  now?	
  

P||	
  
Pperp	
  

Jiz	
  
Jez	
  

Bx	
  

Jez	
  
•  Strong	
  Jez	
  inside	
  the	
  EDR,	
  
weak	
  but	
  extended	
  Jiz	
  
inside	
  IDR	
  

•  Bx	
  reduces	
  gradually	
  ~3	
  
&mes	
  near	
  the	
  EDR	
  edge	
  

•  Electrons	
  are	
  magne&zed	
  
above	
  the	
  EDR	
  edge	
  

•  Reduc&on	
  of	
  |B|,	
  hence	
  
P||	
  anisotropy	
  develops,	
  
CGL	
  invariants.	
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Maxwellian,	
  isotropic:	
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Σ=mnP̂ ,	
  arbitrary	
  

Σ -­‐	
  covariance	
  matrix	
  

µ -­‐	
  mean	
  <x>	
  

Pressure anisotropy 

August	
  10	
  2015	
  -­‐	
  Nordita	
  



Electron	
  pressure	
  anisotropy	
  
	
  	
  	
  Gyrotropic	
  part	
  
Pyz=(Pe||-­‐Ppepr)bybz	
  

	
  	
  CGL	
  invariant	
  
	
  

	
  	
  CGL	
  invariant	
  
	
  

Electron	
  Pyz	
  
component	
  is	
  well	
  
described	
  by	
  the	
  
gyrotropic	
  expression	
  
there!	
  

Pe⊥
nBγ⊥−1

Pe||B
γ||−1

nγ||

The	
  parallel	
  and	
  
perpendicular	
  CGL	
  

invariants	
  are	
  conserved	
  
well	
  in	
  the	
  inflow	
  region	
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EDR	
  d.f.’s	
  near	
  the	
  X-­‐line	
  

A	
  number	
  of	
  meandering	
  oscilla&on	
  
crossings	
  is	
  shown	
  color	
  

Pyz	
  

fe(vx,vy)	
   fe(vx,vz)	
   fe(vz,vy)	
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EDR	
  d.f.’s,	
  edge	
  
fe(vx,vy)	
   fe(vx,vz)	
   fe(vz,vy)	
  

August	
  10	
  2015	
  -­‐	
  Nordita	
  Distribu&on	
  func&ons	
  are	
  rather	
  3D	
  and	
  
structured,	
  but	
  what	
  if	
  we	
  rotate…	
  



EDR	
  ,	
  rotated	
  
fe(vx,vy)	
   fe(vx,vz)	
   fe(vz,vy)	
  

X-­‐line	
  vicinity	
  

EDR	
  
downstream	
  	
  

Rotated	
  	
  
EDR	
  downstream	
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Rotated	
  Pyz	
  component	
  

Pyz(x(.),z)/(cos	
  alpha)	
  -­‐	
  Pxy	
  *	
  tan	
  (alpha)	
  =	
  
Pyz(x(.),z)/(cos	
  alpha)	
  -­‐	
  Pxy	
  *	
  Vx/Vz	
  

Pyz	
  

	
  
	
  

	
  
	
  

	
  
Electron	
  distribu&on	
  func&ons	
  f(vy,vz)	
  in	
  the	
  
rotated	
  frame	
  are	
  similar	
  to	
  that	
  right	
  at	
  X-­‐line	
  
Rota&ng	
  the	
  pressure	
  tensor	
  around	
  Y	
  (ver&cal	
  
axis)	
  provides	
  

Pxy	
  

!Pyz = Pyz cosα +Pxy sinαAugust	
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  2015	
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•  The	
  profile	
  of	
  P’yz(y)	
  is	
  nearly	
  invariant	
  along	
  x	
  
•  By	
  defini&on	
  P’yz(y)=Pyz(y)	
  for	
  x=x(.)	
  
•  By	
  subs&tu&ng	
  P’yz(y)=Pyz(x(.),y)	
  and	
  
the	
  component	
  Pyz	
  is	
  found:	
  

Rotated	
  Pyz’:	
  invariant	
  

Pyz (x, y) =
P(0)
yz (y)

cosα
−Pxy (x, y) vx

vz
, α = atan vx

vz

Pyz(x(.),z)/(cos	
  alpha)	
  -­‐	
  Pxy	
  *	
  tan	
  (alpha	
  )	
  =	
  
Pyz(x(.),z)/(cos	
  alpha)	
  -­‐	
  Pxy	
  *	
  Vx/Vz	
  

P’yz	
  

!Pyz
cosα

−Pxy tanα = Pyz

Note:	
  rota&on	
  angle	
  depends	
  on	
  X	
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Pyz:	
  composite	
  model	
  
	
  
	
  
•  Near	
  the	
  X-­‐line,	
  nongyrotropic	
  pressure	
  
component	
  P(0)

yz~menvyvz	
  
•  Electron	
  pressure	
  at	
  the	
  top/bovom	
  EDR	
  edge	
  is	
  
gyrotropic:	
  Pxy~(P||-­‐Pperp)bxby	
  and	
  changes	
  linearly	
  
with	
  y	
  

•  P||,	
  Pperp	
  are	
  well	
  approximated	
  by	
  either	
  with	
  CGL	
  
invariants	
  or	
  Egedal’s	
  theory	
  

	
  

Pyz (x, y) =
P(0)
yz (y)

cosα
−Pxy (x, y) vx

vz
, α = atan vx

vz
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Summary/Discussion	
  
•  	
  ‘Real’	
  EDR:	
  meandering	
  	
  

•  ‘Extended’	
  EDR:	
  Pyz	
  is	
  due	
  to	
  electron	
  
anisotropy	
  at	
  inflow	
  EDR	
  edge	
  

•  The	
  more	
  inflowing	
  electrons	
  are	
  anisotropic,	
  
the	
  larger	
  can	
  be	
  the	
  extended	
  EDR.	
  

•  Tasks	
  to	
  do	
  next:	
  compare	
  to	
  simula&on	
  
results,	
  eEDR	
  scaling,	
  etc…	
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Pyz	
   Vx	
  

Vz	
  



Thank	
  you!	
  


