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Challenge	
  –	
  Uncertain	
  Plasma	
  Condi$ons	
  

• B ∼ 1 G, ne ∼ 10−2 cm−3, Ωce/ωpe ∼ 200(B/n1/2
−2 ) (1)

• σ =
B2

4πnmec2
= (Ωce/ωpe)

2 ∼ 40000 (2)

See their Poster	


Jin Zhang et al. (2014)	



σ =
PB

Pp + Pe + Pr

FSRQ PKS 0208-512	



See their Poster	


Xuhui Chen et al. 	



(2012, 2014) �



Challenge	
  –	
  Enormous	
  Scale	
  Separa$on	
  

Kine$c	
  simula$ons	
  
par$cle	
  dynamics	
  
• B ∼ 1 G, ne ∼ 10−2 cm−3, Ωce/ωpe ∼ 200(B/n1/2

−2 ) (1)

• σ =
B2

4πnmec2
∼ 40000 (2)

• RL ∼ 2× 103γB cm (3)

• de ∼ 5× 106γ1/2n−1/2
−2 cm (4)

• Zone ∼ Dc∆t ∼ 1011(∆t/15min) cm (5)

• Sizejet ∼ pc − hundreds kpc (6)

• 	
  emission:	
  	
  1011	
  cm	
  	
  -­‐	
  pc	
  
• 	
  jet:	
  	
  100	
  kpc	
  

Wave-­‐number	
  



Hierarchical	
  Current	
  Sheet	
  Model	
  
3D	
  PIC	
  SimulaGon	
  600x150x150	
  de3	
  	
  (Makwana	
  et	
  al.	
  2015)	
  



Hierarchical	
  Forma$on	
  of	
  Current	
  Sheets	
  	
  
(Sheet	
  within	
  Sheet)	
  

MHD	
  Fluid	
  

PIC	
  

Makwana	
  et	
  al.	
  2015	
  
See	
  also	
  Zhdankin	
  et	
  al.	
  13,14	
  

Current	
  sheet:	
  3D	
  
Thickness:	
  	
  ~	
  de	
  
Width: 	
   	
  ~	
  10	
  de	
  
Length:	
  	
   	
  ~	
  100	
  de	
  

600x150x150	
  de3	
  



ReconnecGon	
  as	
  Energy	
  Conversion	
  
and	
  ParGcle	
  AcceleraGon	
  

Solar	
  



Single	
  Sheet	
  Studies:	
  	
  

2D+3D	
  PIC	
  SimulaGon	
  	
  

Showing	
  ParGcle	
  AcceleraGon	
  



Pair	
  plasmas	
  



Guo	
  et	
  al.	
  2015	
  



Time evolution of current density in 2D (σ = 100) 
10 

0 

|J/J
0 | 

4 

-4 

J
!E 

Lx = 300 di 

J/J0 10	

0	



 70 d
i 

X

Z



14	
  

~	
  1.4×1012	
  parGcles,	
  |J| � Lx = 300di , Lz = 192di , Ly = 300di
Nx = 2048, Nz = 2048, Ny = 2048

σ = 100	
  



Energy	
  Evolu$on	
  (	
  	
  	
  	
  	
  =	
  100	
  )	
  σ

Most magnetic energy 
goes into relativistic 

particles 



Par$cle	
  Energy	
  Distribu$on	
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ParGcle	
  AcceleraGon	
  
Mechanism	
  



Global	
  Considera$on	
  	
  



Two	
  Stages	
  

1) 	
  Direct	
  E_parallel	
  accelera$on	
  at	
  X-­‐line	
  

2)	
  	
  	
  	
  Further	
  accelera$on	
  within	
  island	
  	
   	
  
	
   	
  (first-­‐order	
  Fermi)	
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Power	
  law	
  distribuGon!	
  

!max ~ qEreccdt!

Two	
  Stages	
  
1)	
  	
  	
  	
  Direct	
  E_parallel	
  accelera$on	
  at	
  X-­‐line	
  
2)	
  	
  	
  	
  Further	
  accelera$on	
  within	
  island	
  	
  (first-­‐order	
  Fermi)	
  	
  



1)	
  Global	
  Considera$on	
  	
  



2)	
  A	
  representa$ve	
  trajectory	
  (color:	
  Vx	
  )	
  



3)	
  First	
  order	
  Fermi	
  accelera$on	
  in	
  islands	
  

!E = ! V
2E(1+ 2Vvx / c

2 + (V / c)2 )
!t = L / vx

V	
   V	
  

V	
   V	
  

In collisionless plasma E ~ -VxB/c, particles 
gain energy perpendicular to V and B. 

In the case of reconnection generated 
plasmoids/flux tubes, the Fermi process 
is accomplished by curvature drift  
motion in plasmoids along the motional 
electric field induced by plasma flows. 

-VxB/c	
  

V	
  

Vcurv	
  

L	
  

Acceleration by “collision” with moving 
“magnetic clouds”  (Fermi 1946) 

Centrifugal	
  force	
  

3)	
  



The	
  acceleraGon	
  is	
  dominated	
  
by	
  energy	
  gain	
  through	
  
curvature	
  drii	
  moGon	
  

Fermi	
  acceleraGon	
  formula	
  
agrees	
  with	
  the	
  acceleraGon	
  
by	
  curvature	
  drii	
  moGon.	
  

∆t = Lx/vx
α = ∆γ/(γ∆t)





















Some	
  Open	
  QuesGons	
  



1)	
  current	
  distribuGons	
  in	
  2D	
  and	
  3D �



2)	
  3D	
  Important	
  

Liu,	
  HL,	
  et	
  al.	
  2011	
  

Guo,	
  HL,	
  et	
  al.	
  	
  
2014	
  

Energy	
  dissipa$on	
  rate	
  (esp.	
  in	
  
perp	
  direc$on)	
  is	
  quite	
  different	
  in	
  
2D	
  and	
  3D	
  

Guo	
  et	
  al.	
  2015	
  

1)	
  3D	
  Kink	
  

2)	
  Par$cle	
  accelera$on	
  



3)	
  Oumlows�



Key	
  results	
  

•  Fast	
  reconnecGon	
  and	
  strong	
  parGcle	
  acceleraGon	
  during	
  
magneGc	
  reconnecGon	
  in	
  high-­‐σ	
  regime.	
  
•  Enhanced	
  reconnecGon	
  rate	
  in	
  relaGvisGc	
  regime.	
  	
  
•  Efficient	
  energy	
  conversion	
  and	
  parGcle	
  acceleraGon	
  
(nonthermal	
  dominant)	
  	
  	
  
•  Two	
  stage	
  acceleraGon:	
  direcGon	
  acceleraGon	
  and	
  first-­‐
order	
  Fermi	
  acceleraGon	
  via	
  curvature	
  drii.	
  	
  

•  	
  FormaGon	
  of	
  power	
  laws:	
  requires	
  both	
  Fermi	
  
acceleraGon	
  and	
  conGnuous	
  inflow.	
  Power-­‐law	
  formaGon	
  
condiGon:	
  ατinj>1.	
  



Apply	
  to	
  high-­‐energy	
  astrophysics:	
  	
  

• 	
  Efficient	
  energy	
  conversion	
  and	
  strong	
  
parGcle	
  acceleraGon	
  (power	
  the	
  system	
  in	
  
high-­‐energy	
  wavelengths)	
  
• 	
  Hard	
  power	
  laws	
  (close	
  to	
  “-­‐1”)	
  in	
  high-­‐σ	
  
regime	
  
• 	
  Fast	
  power-­‐law	
  formaGon	
  (fast	
  variability)	
  
• 	
  RelaGvisGc	
  inflow/outlow.	
  

Coupling	
  between	
  macro-­‐	
  and	
  
micro-­‐scales	
  will	
  be	
  essen$al	
  


