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M
otivation and C

ontext 
    H

ow
 can m

agnetic reconnection occur in a 
collisionless plasm

a? This outstanding m
ystery fueled the 

successful launch of N
A

SA’s M
agnetospheric M

ultiscale 
(M

M
S) m

ission. The prim
ary science goal of M

M
S is to 

reveal the sm
all-scale, 3D

 structure and dynam
ics of the 

elusive electron diffusion region (ED
R

) believed to hold 
the key to the reconnection puzzle. 
               W

e are m
otivated to determ

ine how, w
here, and w

hen 
electrons are energized during m

agnetic reconnection. 
R

ecent C
luster observation and particle-in-cell (PIC

) 
sim

ulation studies have dem
onstrated the use of particle 

distribution functions as in situ observables of the 
reconnection process [1,2]. Electron distribution functions 
offer the kind of “sm

oking-gun” evidence of ED
R

 
acceleration and heating m

echanism
s required for 

identifying and elucidating the ED
R

’s 3D
 structure and 

electron-scale dynam
ics [3,4,5,6,7].  

    K
now

ledge of the spatiotem
poral evolution of electron 

distributions and their nonlinear w
ave signatures 

throughout the ED
R

, including the inflow
 edge, X

-line, 
electron outflow

 jet, and exhaust transition regions, is still 
lacking. H

ere, w
e report PIC

 predictions for the structure 
of electron distributions in each of these regions, and the 
im

plications for electron acceleration and heating. W
e 

address the robustness of our predictions [3,4] by varying 
both the guide field and m

ass ratio and considering 
asym

m
etric reconnection geom

etries. O
ur w

ork advances 
the understanding of electron distribution evolution 
throughout the ED

R
, setting a foundation to successfully 

interpret the high resolution electron data and 3D
 w

ave 
m

easurem
ents anticipated from

 M
M

S. 
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C
onclusions!

Triangular electron distributions are found in the electron diffusion region for real m
ass 

ratio sym
m

etric and asym
m

etric PIC
 sim

ulations, suggesting that the acceleration and 
heating m

echanism
s explained in [3] are a general characteristic of the ED

R
 in anti-

parallel reconnection. H
ow

ever, the triangular structure is lost for guide fields stronger 
than som

e 0.03 < B
g,m

ax  / B
0  < 0.4, w

hich is yet to be determ
ined.   

	
  	
  	
   w Self-consistent particle tracing for 
PIC

 E
 &

 B
 fields to further 

understand electron energization. 
 w A

nalyze e
- distribution functions 

predicted by 3D
 PIC

 sim
ulations. Future W

ork!
w D

ependence on: ω
pe  / Ω

ce  and v
the  / c, e.g. [8], 

w
hat is the B

g,m
ax  guide field threshold? 

 w Investigate nonlinear w
ave signatures in PIC

 to 
interpret anticipated high resolution M

M
S data 

from
 FPI and FIELD

S instrum
ents. 

R
esearch at U

N
H

 is supported in part by the  
N

SF grants PH
Y-0903923 and A

G
S-1202537,  

and the N
A

SA
 grant N

N
X

11A
H

03G
. 

PIC
 Sim

ulations!

z / de 

x / d
e 

t⋅Ω
ci  = 18

 R
esults	
  

G
eom

etry
 

m
i  / m

e 
B

g  / B
0 

ω
pe  / Ω

ce 
# of cells 

(in d
i ) 

# of particles 
per cell 

sym
m

etric
[3,4] 

400 
0, 0.03 

2 
10240 × 2560 
(80d

i  × 20d
i ) 

600 

sym
m

etric
[7] 

1836 
0 

2 
5120 × 5120 
(20d

i  × 20d
i ) 

400 

sym
m

etric
[7] 

1836 
0.4 

2 
5120 × 5120 
(20d

i  × 20d
i ) 

400 

asym
m

etric 
n

M
SH  / n

M
SP  = 8 

100 
0 

2 
3072 × 2048 
(75d

i  × 25d
i ) 

3000 

→
 Elongated structure near 

peak reconnection becom
es 

disjointed at later tim
es w

ith 
non-uniform

 phase-space 
density along v

// .  

F
ragm

entation of the Inflow
 R

egion
 

→
 Fragm

entation region extends to d
i -scales 

w
ith the broadening of the current layer. 

→
 U

pstream
 analytical approxim

ation [6] m
ay 

only be valid for early stages of reconnection. 

→
 T

e⊥
/T

e//  > 1 only for e- outflow
 jets, unlike [4]. 

→
 N

o inflow
 fragm

entation, sm
all E

//  variations. 
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1	
  
Electron phase-space-hole  
structure, consistent w

ith [9]. 
→

 Triangular X
-

line distribution, 
sw

irls &
 arcs 

dow
nstream

, as in 
[3,5], though 
striations are not 
as discernible. 

z / d
e 

vz / c 

x / d
e 

2	
  

→
 D

ouble layer structure in the 
degree of electron nongyrotropy 
D

ng , and density n
e , indicative 

of electron m
eandering m

otion.  

→
 N

o double layer in electron 
nongyrotropy, only nonzero faintly 
along separatrices and isolated 
exhaust field lines. 

N
ongyrotropic exhaust 

distributions. 
B

 → 
2	
  

→
 N

o triangular distributions, 
electrons are still m

agnetized near 
the X

-line w
here distributions 

have a shifted-ellipsoidal shape. 
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→
 Sw

irling triangular structures both 
before and after peak reconnection. 

→
 “H

orseshoe” structure in v
z -v

y  sim
ilar to 

[10], but spread over m
ore gyrophase. 
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