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Mo8va8on	  

•  Magne8c	  reconnec8on	  is	  known	  for	  efficient	  
conversion	  from	  magne8c	  to	  par8cle	  energy.	  	  

•  Iden8fica8on	  of	  mechanisms	  for	  the	  energy	  
conversion	  is	  the	  central	  problem	  of	  
reconnec8on	  research.	  	  

•  Is	  there	  a	  fundamental	  principle	  for	  energy	  
par88oning	  in	  a	  2-‐fluid	  proto-‐typical	  
reconnec8on	  layer?	  	  



Summary	  of	  the	  recent	  MRX	  results	  

•  Energy partitioning are quantitatively analyzed in the MRX 
reconnection layer [Yamada et al, Phys.	  Plasmas,	  23,	  055402	  
(2016), Yoo et al, 2013-]      
- Outgoing magnetic energy (~ 50%)
- ~50 % of incoming magnetic energy goes to 

        plasma particles 

•  This result is consistent with theory for the dynamics of 
two-fluid reconnection layer with a single X-line geometry

	  
How do we extend our study to more general reconnection phenomena 
or larger systems? 
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How is magnetic energy converted to plasma? 

•  Helium discharge  
•  IDSP to measure Ti 

•  λmfp,e≥ c/ωpi >  δCS (~2cm) 
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R

Experimental set-up [Yoo et al, 2013] 
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Measurement	  of	  energy	  inventory	  in	  MRX	  

•  Energy	  transport	  equa8on	  :	  	  
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Inventory	  of	  Energy	  	  

Magnetic energy inflow rate!
1.0±0.1!

Energy deposition 
rate to ions!
0.37±0.07!

Change of flow 
energy!

0.07±0.02!

Change of 
thermal energy!

0.17±0.05!

Energy loss rate  
(Conduction, 

neutrals) 
≤ 0.16!

Energy deposition 
rate to electrons!

0.18±0.04!

Change of 
thermal energy!

0.14±0.05!

Energy loss rate 
(Conduction, 

radiation) 
0.08±0.04!

Magnetic energy 
outflow rate!
0.49±0.05!

MHD  
component!
0.22±0.02!

Hall-field 
component!
0.27±0.03!
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Yamada	  et	  al,	  Nature	  Communica8ons	  (2014)	  



MRX data is compared with simulations and space data

•  Enthalpy flux dominates in the down flow region
•  Magnetic energy outflow substantial

 Magnetic 
energy 
Inflow  
  

Magnetic 
Energy 
outflow rate 

Energy 
deposition 
to ions 

Energy  
deposition  
to electrons 

MRX Data 1.0 0. 45 0.35 0.20 

Numerical 
simulation 1.0 0. 42 0.34 0.22 

Magnetotail 
data 
(Eastwood) 

1.0 0.4 
 

0.39 0.18 

 

Energy deposition to ions is generally larger than to electrons. 
With the electrons’ heat transport loss is larger than ions’,  
=> Ti >> Te  
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2D	  PIC	  simula8on	  on	  energe8cs;	  	  
by	  J.	  Jara	  Almonte	  and	  W.	  Daughton	  

The	  energy	  par88oning	  does	  not	  strongly	  depend	  on	  
the	  size	  of	  monitoring	  boundary	  

a) b)

Open Boundary Simulation MRX
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Particle dynamics of the two-fluid reconnection layer

0=×+ recinrec BVE

Hall term Electron inertia 
term 

Electron 
pressure term 

Generalized Ohm’s law: Normalized with                                                         
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Evolution of magnetic field lines during reconnection in MRX	  

A half of reconnection 
region measured
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Electron	  flow	  pulls	  field	  lines	  	  	  

Yamada.APS.15	  
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Electron dynamics and electron heating in MRX	  

	  j	  =	  Curl	  B,	  	  Ve	  =	  je	  /ne	  
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- Energy deposition occurs very near 
the X-point. 
- The electron heating seen in wider 
region through heat  conduction

j⊥E⊥ >> j //E//

The	  physics	  of	  the	  high	  energy	  deposi8on	  rate	  is	  not	  yet	  resolsved.	  	  

Electron gain energy by Ey	  
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Energy deposition to electrons in both symmetric and 
asymmeric reconnection MRX	  

MRX	  results	  
j⊥E⊥ >> j //E//

Simulation results	  
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4	  seconds	  
of	  data	  

MMS4	  
southward	  
of	  X-‐line	  

MMS3	  
northward	  
of	  X-‐line	  



A	  large	  in-‐plane	  electric	  Hall	  field	  verified	  in	  the	  MRX	  
reconnec8on	  layer	  due	  to	  two-‐fluid	  effects.	  

L-‐J.	  Chen	  et	  al,	  2008	  
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Ion	  accelera8on	  and	  hea8ng	  in	  the	  reconnec8on	  layer	  

Ion	  hea8ng	  is	  agributed	  to	  re-‐magne8za8on	  of	  accelerated	  ions	  



•  Is	  there	  a	  fundamental	  principle	  for	  energy	  
par88oning	  in	  a	  proto-‐typical	  reconnec8on	  
layer?	  	  



Energy	  Conversion	  in	  the	  Sweet-‐Parker	  Model	  

2-D, resistive MHD model 
•  Plasma heating occurs slowly on Ohmic dissipation inside 

the diffusion region. 

Alfvénic	  ouilow	  
Hot	  plasma	  
Negligible	  Poyn8ng	  flux	  

Ohmic	  hea8ng	  

Incoming	  Poyn8ng	  flux	  ;	  S	  =	  E	  x	  B	  
Negligible	  flow	  energy	  
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S	  =	  (E	  x	  B)out	  ~0	  	  
	  



Magnetic energy inflow is equally divided to changes of 
energy of plasma enthalpy and flow. 
 
WM ~ LiVin  
 
WH ~ WK ~  ½ WM : J. Yoo (2013) 

 
 

Bsh
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ER ≈VeyBZ −
1
ene

∂pe
∂R (1)	  

(2)	  

Yamada	  et	  al,	  	  
PoP	  (2016)	  

Equation of motion for electrons 

After integrating (1) w.r.t. R 

Bz	  

Bsh	  



Energy	  Conversion	  in	  Two-‐fluid	  Reconnec8on:	  
Ions	  gains	  energy	  primarily	  on	  the	  separatrices	  

Electron Flow

Electron 
Diffusion Region

Ion Diffusion 
Region

Ion Flow

Separatrix

Out-of-plane 
Magnetic Field

Magnetic Field 
Line

Wion~LiVin nee<δΦ> ∼ LiVin  

WM ~ LiVin 

Wion/WM ~ 1/2 

Bsh
2

2µ0Bsh
2

µ0

As	  large	  as	  50%	  of	  incoming	  magne8c	  energy	  is	  converted	  to	  par8cle	  energy	  of	  ions	  



Energy	  Conversion	  in	  Two-‐fluid	  Reconnec8on:	  
Energy	  deposi8on	  to	  electrons	  only	  occurs	  	  

at	  the	  e-‐diffusion	  region	  

Electron Flow

Electron 
Diffusion Region

Ion Diffusion 
Region

Ion Flow

Separatrix

Out-of-plane 
Magnetic Field

Magnetic Field 
Line

We ∼ LeVin  

        =>  

WM ~ LiVin 

Bsh
2

µ0

Only	  a	  frac8on	  of	  incoming	  magne8c	  energy	  is	  converted	  to	  par8cle	  energy	  of	  ions	  

	  	  We	  use	  Sweet-‐Parker	  model	  for	  electron	  hea8ng/bulk	  accelera8on	  
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Summary	  
•  Energy partitioning are quantitatively analyzed in the MRX reconnection layer

- Outgoing magnetic energy (~ 50%)
- ~50 % of incoming magnetic energy goes to plasma particles 

            2/3: to ions
  1/3: to electrons

•  This result is consistent with theory for the dynamics of two-fluid 
reconnection layer with a single X-line geometry

	  	  	  	  -‐	  Energy	  deposi8on	  to	  electrons	  occurs	  near	  the	  X-‐point	  through	  
	  	  	  	  -‐	  Energy	  deposi8on	  to	  ions	  occurs	  near	  the	  separatrices	  through	  
	  
•  Based on the MRX data and analytical consideration, we conclude a 

fundamental principle for energy	  par88oning	  in	  a	  proto-‐typical	  reconnec8on	  layer.	  	   
-  Substantial component of outgoing magnetic energy (~ 50%) in the Hall 

          reconnection
- ~ 50 % of incoming magnetic energy can go to plasma particles

	  

j⊥eE⊥

j⊥iE⊥


