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Key Points:
Ion distribution on the separatrices exhibits two counter-streaming cores, with two discrete populations in the parallel direction.●

The four populations are formed by ions transported from different regions near the reconnection site.●

Kinetic energy of ions converted from the electromagnetic energy is contributed mainly by the Hall electric field.●
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Abstract: A particle-in-cell simulation of symmetric reconnection with zero guide field is carried out to understand the dynamics of ions
along the separatrices. Through the investigation of ion velocity distributions at different moments and locations along the separatrices,
a typical distribution is found: two counter-streaming populations in the perpendicular direction, with another two populations
accelerated into distinct energy levels in the parallel direction. Backward tracing of ions reveals that the counter-streaming cores are
mostly composed of ions initially located at the same side of the separatrix, while the other two accelerated populations in the parallel
direction are composed of ions crossing through the neutral sheet. Through analysis of energy conversion of these populations, it is
found that the ion energization along the separatrix is attributable primarily to the Hall electric field, while that in the region between the
two separatrices is caused primarily by the induced reconnection electric field. For the counter-streaming population, the low-energy
ions that cross the separatrix twice are affected by both Hall and reconnection electric fields, while the high-energy ions that directly
enter the separatrix from the unperturbed plasma are energized mainly by the Hall electric field. For the two energized populations in the
parallel direction, the ions with lower-energy are accelerated mainly by the in-plane electric field and the Hall electric field on the
opposite side of the separatrix, whereas the ions with higher-energy not only experience the same energization process but also are
constantly accelerated by the reconnection electric field.
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1.  Introduction
Magnetic reconnection is a basic plasma process in the space en-

vironment that results in plasma heating and acceleration with an

explosive  release  of  magnetic  energy  (Dungey,  1961; Yamada  et

al., 2010). The present understanding of magnetic reconnection is

based primarily on a two-dimensional picture, in which the phys-

ical process of reconnection can be divided into different regions.

The central site of reconnection is commonly named the “X line”,

at which oppositely directed magnetic field lines are reconnected.

The  vicinity  of  the  reconnection  X  line  is  found  to  be  capable  of

producing  energetic  particles.  For  instance, Hoshino  et  al.  (2001)

found that electrons are accelerated around the X line region due

to  the  meandering  motion  in  zero  guide  field  reconnection.  For

guide field reconnection, Fu XR et al. (2006) proposed that strong

guide field can keep the electrons longer in the X line region, and

thus the acceleration is enhanced. The X line is described as being

surrounded  by  an  electron  diffusion  region  and  an  ion  diffusion

region. A  diffusion  region  is  one  in  which  inflowing  particles  de-

couple from the magnetic field, breaking the frozen-in condition.

The electron  diffusion  region  is  embedded  within  the  ion  diffu-

sion region. Previous studies have proposed many prominent fea-

tures inside the diffusion regions (e.g., Shay et al., 2016). The elec-

tron diffusion region can be divided into two regions (Karimabadi

et al., 2007): the inner region is identified by a strong out-of-plane

electron current while the outer region features highly collimated

electron  jets  that  are  gradually  decelerated  and  thermalized.

Within the electron diffusion region, the energy dissipation is en-

hanced due to non-ideal energy conversion (Zenitani et al., 2011).

The crescent-shaped electron distribution residing inside the elec-
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tron diffusion region has recently attracted much attention, and is
suggested to  be  attributable  to  the  meandering  motion  of  elec-
trons in the magnetic field reversal (Hesse et al.,  2014; Chen LJ et
al., 2016; Lapenta et al., 2017).

Whereas electrons flow during reconnection mainly from the up-
stream region through the diffusion region into the downstream
region,  ions,  too,  flow  across  the  ion  diffusion  region  into  the
downstream region,  but most  ions enter  the downstream region
through  the  separatrices.  Separatrices  are  layers  that  develop
from the X line, separating the reconnected region from the unre-
connected  region.  Recent  studies  have  found  that  the  sepa-
ratrices  are  highly  structured;  they  can  contain  sub-regions  such
as  the  sub-ion  region,  the  sub-electron  region  (Zhou  M  et  al.,
2012),  and the flux ropes (Daughton et al.,  2011; Huang SY et al.,
2016a),  and  are  important  sites  for  waves  and  instabilities  to  be
excited. Dai L (2009), from the theoretical point of view, proposed
that the Hall  fields on the separatrices are components of kinetic
Alfvén wave eigenmodes. Particle-in-cell simulations revealed that
these Hall fields can transmit along the magnetic field line as kin-
etic  Alfvén  waves  (Liang  J  et  al.,  2016; Huang  HT  et  al.,  2018).
Fujimoto (2014) reproduced the electromagnetic  waves  near  the
separatrices  in  particle-in-cell  simulation  and  found  that  the
waves  are  generated  mainly  by  electron  beams. Goldman  et  al.
(2014) proposed that the emission of quasi-parallel whistler waves
is  created  by  electron  phase-space  holes  on  the  separatrices
through particle-in-cell simulations, which has been confirmed by
Huang SY et al. (2016b) through a case study by using the Cluster
data.  Moreover,  based  on  a  statistical  study  by Huang  SY  et  al.
(2017), the separatrix region is found to be more favorable for the
excitation of whistler waves than the vicinity of the X line. Further-
more,  separatrices  are  found  to  have  the  potential  to  effectively
accelerate  particles. Drake  et  al.  (2005) suggested  that  electrons
can be  accelerated  to  relativistic  energy  due  to  the  parallel  elec-
tric  field  on  the  separatrices. Wang  RS  et  al.  (2013),  through
Cluster measurements, found that electrons are accelerated up to
100 keV on the separatrices.

While  electron  behavior  in  the  reconnection  have  been  widely
studied in  previous  studies,  including  the  acceleration  of  elec-
trons  in  different  regions  —  such  as  the  dipolarization  fronts
(Zhou M et al.,  2009; Fu HS et al.,  2012; Huang C et al.,  2015) and
the magnetic islands (Huang SY et al., 2012; Wang HY et al., 2016;
Wang HY et al.,  2017), and the electron crescent-shaped distribu-
tion  in  electron  diffusion  region  (Hesse  et  al.,  2014; Burch  et  al.,
2016; Chen LJ et  al.,  2016; Shay et  al.,  2016; Lapenta et  al.,  2017),
the behavior of ions, which has been found to be significantly dif-
ferent  from  that  of  the  electrons,  due  to  their  larger  gyroradius,
has been much less investigated. Recent studies suggest that ions
could gain  more  energy  in  reconnection  than  electrons,  indicat-
ing  that  ions  may  play  a  vital  role  in  magnetic  reconnection. Ya-
mada et al. (2014), through a laboratory reconnection experiment,
quantitatively compared the energy conversion between ions and
electrons  in  a  well-defined  reconnection  layer,  and  found  that
when half of the magnetic energy is converted to particle energy,
the  ions  gain  twice  as  much  energy  as  electrons.  Through  fully
kinetic  simulations, Li  XC  et  al.  (2015) found that  among  the  en-
ergy converted from magnetic energy to kinetic energy, ions gain

1.6 times as much energy as do electrons. Wang S et al. (2018) in-
vestigated  the  energy  conversion  and  partition  by  means  of
particle-in-cell  simulations  and  found  that  the  farther  away  from
the X line, the more energy ions gain compared to energy gained
by  electrons.  They  also  reported  a  magnetopause  reconnection
event observed by the Magnetosphere Multiscale  (MMS) mission
that  confirmed  the  simulation  results.  Ion  dynamics  have  also
been  reported  in  previous  studies.  For  instance,  a  case  study  by
Zhou XZ et al. (2010) of Time History of Events and Macroscale In-
teractions during Substorms (THEMIS) observations reported that
ions  are  reflected  and  accelerated  by  the  dipolarization  fronts.
They  also  performed  test-particle  simulations  to  reproduce  the
observed  ion  distributions.  Using  test-particle  simulations  and
theoretical models, Zhou XZ et al. (2009) and Zhou XZ et al. (2016)
analyzed the ion distributions observed by THEMIS in a reconnec-
tion event and found that mushroom-shaped distributions are de-
veloped due to  the effect  of  the finite  ion gyroradius. Wygant  et
al.  (2005) proposed that the Hall  electric field on the separatrices
produces a potential well structure and can accelerate ions ballist-
ically. Aunai et al.  (2011),  using 2-D hybrid simulation, found that
ions can bounce between the potential  well  structure associated
with  the  Hall  electric  field  on  the  separatrices,  and  the  potential
electric  energy  is  transferred  to  kinetic  energy. Wang  S  et  al.
(2016), using  2-D  particle-in-cell  simulation  and  MMS  observa-
tions, investigated ion velocity distributions in the two-scale struc-
ture of the ion diffusion region in asymmetric magnetic reconnec-
tion and found that ions exhibit  counter-streaming beams in the
inner scale and exhibit crescent shapes in the outer scale.

To further  our  understanding  of  the  ion  dynamics  in  the  recon-
nection  region,  unraveling  how  the  ion  distributions  are  deve-
loped on the separatrices is significant given its critical role in the
energy conversion.  In this study,  we aim to advance understand-
ing of  the ion distributions on the separatrices by particularly  in-
vestigating their evolution as the reconnection progresses, as well
as  their  source regions  and energization along the paths.  Such a
study may shed light  on the fate  of  the particles  near  the recon-
nection site  and  deepen  our  knowledge  of  magnetic  reconnec-
tion. 

2.  Simulation Setup
The simulation applies the fully electromagnetic implicit  particle-
in-cell code iPIC3D (Markidis et al., 2010). The initial condition is a
Harris current sheet with no guide field, which has proved versat-
ile  in  previous  studies  (Huang  HT  et  al.,  2018).  The  background
magnetic field is given by:

Bx = B0tanh ( ya ) , (1)

and the density is given by

n = n0cosh
−2 ( ya ) + nb, (2)

a = 0.5di di

n0 = 0.05 cm−3

nb

where  (  is the ion inertial length) is the half thickness of
the current sheet, B0 = 30 nT is the asymptotic magnetic field ap-
plicable  to  the  magnetotail,  and  is  the  density  at

the  center  of  the  initial  current  sheet.  Particles  consisting  of  the
current sheet are initialized as a drifting Maxwellian velocity distri-
bution.  The  background  particles  are  introduced  with  density 
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n0

mi/me = 100

∂/∂Z = 0

Lx × Ly = 120di × 40di 3072 × 1024

ωpit = 0.125 ωpi

set to be 0.1 , and are initialized with a Maxwellian velocity distri-
bution. Due to the limitation of computational resources, the arti-
ficial  mass  ratio  is  employed,  which  is  commonly
used in  previous  studies  regarding the dynamics  of  ions  in  mag-
netic reconnection (Drake et al.,  2009). The simulation is  conduc-
ted  in  the  2-D XY plane  ( ).  The  simulation  box  size  is

 with  grid points in the computa-

tional domain.  There  are  1024  electron-ion  pairs  of  particles  ini-
tially launched in each cell. The time step is  (  is the
ion plasma frequency). The boundary conditions are periodic in X,
while on the Y boundaries particles are reflected and field condi-
tions  are  conducting.  Magnetic  reconnection  is  initiated  with  a
small  perturbation located in the center of the box (Huang HT et
al., 2018). 

3.  Simulation Results
When the reconnection starts to evolve, oppositely directed mag-
netic field  lines  merge and the separatrices  develop from the re-
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connection site.  As  reconnection  evolves,  the  topology  of  mag-

netic field lines changes; the separatrices expand during this pro-

cess. The remarkable signature of  the separatrices  is  the concen-

tration of strong Hall electric field and Hall magnetic field. Figure 1

shows the temporal evolution of the three electric field compon-

ents around the separatrices. Both the in-plane electric field  and

the  Hall  electric  field  are mainly  concentrated  on  the  sep-

aratrices  but  the  latter  is  dominant.  Moreover,  the  Hall  electric

field  transmits downstream with the evolution of the reconnec-

tion, directing towards  the  current  layer.  This  scenario  is  consist-

ent  with  previous  studies  (Dai  L,  2009, 2018; Dai  L  et  al.,  2017;

Huang HT et al., 2018), where the Hall electric field  in magnetic

reconnection is identified as the kinetic Alfvén wave. Unlike  and

, the strongest induced reconnection electric field  dominates
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B0VA0/cFigure 1.   The three electric field components around the separatrix, normalized to . Five moments are chosen corresponding to

different phases along the reconnection process. A quarter of the typical reconnection box is shown. The black lines indicate the magnetic field

lines. Four boxes for detailed analysis of the ion velocity distributions are marked with black rectangles.
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X ∶ 11.1 − 11.6di

X ∶ 13.2 − 13.7di
X ∶ 15.2 − 15.7di

X ∶ 17.7 − 18.2di

source region close to the X line ( ), marked as  Re-

gion I;  the  region  between  the  source  region  and  the  down-

stream  of  the  separatrix,  denoted  by  Region  II  ( )

and Region III ( ); the downstream of the separatrix

( ),  denoted as Region IV.  Note that the location of

separatrices changes in time; that is, it expands in the Y direction

after  the reconnection is  triggered.  As shown in Figure 1, our se-

lection of Y position is  adaptively  changed during the expansion

of  the  separatrices  while  examining  the  ion  distributions.  This

means that the subsequent analysis of ion dynamics within these

four regions  depends  on  the  specific  location  at  different  mo-

ments.
 

3.1  Ion Velocity Distributions at Different Locations and

Moments

Vx
Vy

We  first  look  at  the  ion  bulk  motion  around  the  separatrices.  As

shown in Figure 2, the positive ion bulk velocity  in the outflow

region denotes the reconnection outflow jet while the positive 

indicates that  a  large  quantity  of  ions  flows  across  the  sep-
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aratrices into the downstream. We investigate the ion velocity dis-

tribution  in  a  3-D  velocity  space:  (1)  the  parallel  velocity,  parallel

to the background magnetic field; (2) the perpendicular compon-
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coordinate  system,  denoted  as  the  component.  It  should  be
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ordinate system is applicable.
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VA0Figure 2.   The ion bulk velocity around the separatrix, normalized to . Figure 2 is in the same format as Figure 1.

208 Earth and Planetary Physics       doi: 10.26464/epp2021019

 

 
Huang HT and Yu YQ et al.: Ion dynamics around the separatrices

 



ωcit = 11

Ey
Ey

Ey

Ey
ωcit = 15.28

Ey

V∥-V⊥1

Ey

separatrix.  For  instance,  at ,  Region  II  is  actually  outside

the separatrix, thus there is a dip of the Hall electric field  in Re-

gion  II  this  time.  Although  the  Hall  electric  field  does not  dir-

ectly evolve from Region I  to Region IV,  we can roughly infer the

cumulative  effects  that  the  reconnection  exerts  on  the  particles

from the time variation of the Hall  electric field  in a certain re-

gion.  Basically,  the  further  away  from  the  source  region,  the  less

the  particles  are  influenced  by  the  Hall  electric  field .  In  other

words,  at ,  the  particles  in  Region  I  have  experienced

long-time effects of  the Hall  electric field  while the particles in

Region  IV  have  just  started  to  be  influenced  by  the  Hall  electric

field. From the second column, in the   plane, we find that in

Region  IV,  due  to  the  little  effect  of  the  Hall  electric  field

 (Figure 3(d1)), the ion distribution splits into two parts: the main
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prone to split and the population in the parallel direction is being

assembled  (at , Figure  3(c2)).  In  Region  II,  a  counter-

streaming distribution is  developing along the  direction,  and

another two populations appear to be accelerated to two energy
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Figure 3.   The spatial evolution of ion velocity distribution at . The velocity magnitude is normalized to . The first column

represents the intensity of the Hall electric field  (normalized to ) in different regions. The red line indicates the current time when the

distributions are taken. The rest columns are ion distributions taken from four locations indicated in Figure 1. Three arrays represent the reduced

distributions on the   plane, the   plane and the   plane respectively.
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central  core in  the  direction,  suggesting a  heating process  in

the  direction. The last column in Figure 3 indicates non-gyro-

tropic ion velocity distributions in the  plane, with discrete

populations  in  the  direction  and  an  enlarged  distribution  in

the  direction. Actually, the signatures in the  space are

implicitly expressed in the left columns.

V⊥1

Besides the two well-known counter-streaming populations in the

 direction,  we  find  new  populations  in  this  simulation  in  the

parallel  direction,  as  shown  in  the  Region  II  of Figure  3(b2).  So

Ey ωcit = 10.91

ωcit = 13.1

ωcit = 14.31

next we investigate the ion velocity distribution at this location at

different  moments,  as  shown  in Figure  4.  As  mentioned  above,

the velocity distribution is mainly affected by the Hall electric field

 on  the  separatrix.  At  (Figure  4(e2)),  when  the  Hall

fields  enhance  just  in  Region  II,  the  ion  distribution  is  slightly

deviated  from  its  initial  Maxwellian  distribution.  At 

(Figure 4(f2)), some particles start to form a population in the par-

allel direction. At  (Figure 4(g2)), two populations in the

parallel direction are about to form and the original core popula-
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Figure 4.   The ion velocity distribution taken from Region II at different moments. The velocity magnitude is normalized to . The first column

represents the intensity of the Hall electric field  (normalized to ). The red line indicates the time when the distributions are taken for

each row. The distributions at each row represent the reduced distributions on the   plane, the   plane and the   plane

respectively.
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ωcit = 15.28

V⊥1

V⊥1 = 1.7VA0

V⊥1 = −0.4VA0

V∥ V∥ = −3.1VA0

V∥ = −1.8VA0

ωcit = 16.25

V∥-V⊥2

tion  is  about  to  split.  At  (Figure  4(h2)),  two  counter-
streaming  populations  are  developed  in  the  direction,  with
one  population  centered  at  and  another  at

. Meanwhile,  two populations develop in the negat-
ive  direction: a higher-energy one centered at  and

a lower-energy one at . Such a distribution evolves in-

to three discrete components at  (Figure 4(i2)). The ion
velocity  in  the  plane  shows  that  the  velocity  distribution

exhibits  three  discrete  populations  in  the  parallel  direction.  It
should  be  noted  that,  given  the  short  time  interval,  the  above
analysis  of  the  velocity  distribution  can  only  roughly  reflect  the
local  variation  of  the  particle  distribution,  and  the  involved
particles at this particular location are not completely the same at
these times. 

3.2  The Origins of the Ion Distribution

ωcit = 15.28

V∥
V⊥1

Ey ωcit = 15.28

To  illustrate  how  the  above  distributions  are  formed  and  where
the particles  originate  from,  we  trace  the  particles  in  the  simula-
tion.  We  focus  on  the  distribution  observed  in  Region  II  at

 and trace backward to the initial state. The four popu-
lations  in Figure 4(h2) are  noted as  A,  B,  C,  and D.  Populations  A
and B are energized at the negative  direction, with A at higher

energies and  B  at  lower  energies.  Populations  C  and  D  are  dis-
crete in the  direction, with C at low energies and D at high en-
ergies.  Within  each  population,  we  randomly  select  1000  ions  to
trace  backward  in  time;  we  obtain  their  statistical  trajectories.
These particles are different from the common ‘test particles’ that
do not participate in the self-consistent circulation. Instead, these
particles are those that are involved in the dynamics of the plasma
and providing feedback effects on the electromagnetic fields. We
average their  trajectories  over  a  gyroperiod  (the  initial  gyroperi-
od),  superposed  on  the  Hall  electric  field  at ,  as

shown in Figure 5.

A1

A2

A1

A2

A1 Vx V∥

A2 Vx V∥

Ez

Figure 5a shows the trajectories  of  particles  in  Population A.  The
red circle denotes the final destination of the tracing (i.e.,  Region
II). Among the 1000 trajectories, we identify two typical kinds, rep-
resenting two distinct sources. They are marked as Beams  and

 respectively,  with  dark  black  lines.  Although  both  beams  are
located initially at Y < 0,  one (Beam ) originates from the lower
left  quarter  of  the  separatrices,  i.e., X <  0;  the  other  (Beam )
comes from the lower right quarter, i.e., X > 0. Particles represen-
ted  by  Beam  possess  positive  (i.e.,  negative  initially)  so

that they  can  arrive  at  Region  II.  They  experience  the  reconnec-
tion through  the  inflow  region  and  then  enter  the  separatrix  re-
gion,  arriving  at  Region  II.  In  contrast,  particles  represented  by
Beam  initially possess a negative  (i.e.,  positive ).  However,

they, too, enter the inflow region as the reconnection evolves, and
go through the reconnection process, finally arriving at Region II.
As demonstrated  in  Part  C,  particles  in  Population  A  are  con-
stantly accelerated by the reconnection field  during this kind of
trajectory; therefore they gain the most energy of those in the dis-
tribution.

Population B also appears in the negative parallel direction in the
distribution,  meaning  that  they  are  accelerated  in  this  direction
but  at  lower  energies  compared  to  Population  A.  There  are  two
evident  beams  in  Population  B,  as  shown  in Figure  5c.  They  are

B1

Vx V∥

V∥
B2

Vx V∥

Vx
V∥

initially located at the opposite sides of Region II. However, Beam
 originates from the upper left quarter of the separatrices, i.e., X

< 0. These particles initially possess positive  (positive  due to

the  positive  background  magnetic  field  in  the  upper  half  of  the
simulation box). After they travel across the neutral sheet and ar-
rive at the separatrix, the background magnetic field turns to the
opposite direction. Thus they appear with negative  in the spe-

cific distribution. On the other hand, particles within Beam  ini-
tially  possess  a  negative  (i.e.,  negative ).  They  are  reflected

from the separatrices on the opposite side,  to the separatrices of
interest. Aunai  et  al.  (2011) suggested  that  the  bounce  motion
between two separatrices is caused by the transfer between kinet-
ic  energy and electric  potential  energy,  and is  dominated by  the
electric  force.  In  this  case,  they  can  be  regarded  as  possessing  a
positive  and passing across the neutral sheet, becoming part of
Population B in the negative  direction.

C1 D1

C2 D2 C1

D1

D1

ωcit = 15.28

C2 D2

C2

D2 D2

D1

The  trajectories  of  Populations  C  and  D  are  similar,  as  shown  in
Figures  4e and 4g.  Both  populations  follow  typical  trajectories.
One beam is located initially in the region of X < 0 in the inflow re-
gion,  labeled as Beam  or ;  the other beam initially  locates at
the region of X > 0 as Beam  or . Beam  particles arrive at the
separatrix earlier than Beam  particles. After they cross the sep-
aratrix, they are bounced back to the separatrix and then arrive at
Region  II.  Beam  particles,  however,  arrive  at  Region  II  directly
from the undisturbed inflow region (Figure 5h) at . On
the other hand, Beams  and  initially move in the −X direction
toward Region II.  Overall,  Beam  is initially closer to the neutral
sheet than is Beam . In fact, most particles in Beam  resemble
those of Beam , which are directly from the undisturbed inflow
region, as will be shown in Figure 6d.

A2 B1 C1 D1

ωcit = 15.28

ωcit = 11.8

ωcit = 14

ωcit = 13 − 14

ωcit = 15.28

ωcit = 15.28

To understand  better  the  differences  among  these  four  popula-
tions, Figure 6 shows the statistical Y location of their trajectory in
time. It can be seen that Beams , , , and  dominate the Pop-
ulations A, B, C, and D, respectively. The red dashed horizontal line
indicates  the  location  of  Region  II,  while  the  vertical  red  dashed
line  indicates  the  moment  at .  It  can  be  seen  that  all
the particles in Population A initially locate at the region of Y < 0,
but they all cross the neutral sheet (Y = 0) around . While
all  particles  in  Population B initially  locate at  the region of Y >  0,
indicating that  Population B  is  composed of  particles  originating
from the opposite side of the separatrix, they also cross the neut-
ral sheet Y = 0 around . Obviously, particles in Population
A  are  involved  in  the  reconnection  process  earlier  than  those  of
Population  B  while  moving  from  the  X  line  towards  the  outflow
region. For  Population  C  and  Population  D,  all  particles  are  ini-
tially at the same side of the separatrix, i.e., at the region of Y < 0.
It can be seen from Figure 6c and 6d that Population C crosses the
separatrix as early as , while most particles in Popula-
tion D arrive for  the first  time at . Figure 6 also shows
the subsequent stage for these particles. After , almost
all  the  particles  migrate  to  positive Y locations,  indicating  that
particles are reflected by the separatrix into the exhaust region. 

3.3  Energy Conversion on the Separatrices
We further examine how the energy of these ions changes during
the development  of  this  distribution.  Here  we  focus  on  the  en-
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J ⋅ E

J ⋅ E > 0

J ⋅ E < 0

Ji ⋅ E

JiyEy

ergy  conversion  in  the  inertial  frame.  According  to  the  Poynting

theorem, the term  represents the energy conversion between

electromagnetic energy and plasma kinetic energy. When ,

the electric fields transfer their energy to the particles. Conversely,

when ,  energy is  transferred from plasma to the fields.  As

shown in Figure 7,  three components of  contributing to ion

energization  dominate  in  different  regions.  Along  the  separatrix,

the main term in energy conversion is , meaning that the Hall

Ey
JixEx

JizEz
JizEz

Ez

electric  field  contributes  to  the  energization  of  particles.  The

contribution  of  along  the  separatrix  is  mainly  confined  near

the X line,  while the effect of  is slightly negative.  In the out-

flow region enclosed by the separatrices,  dominates the ion

energization process, which is contributed by the out-of-plane re-

connection electric field .

The above  different  populations,  originating  from  different  loca-

tions  and  going  through  different  paths,  are  naturally  subject  to
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Figure 5.   Trajectories of representative particles within the ion distribution are shown with the Hall electric field  (normalized to ) at

 superposed on it. The light black lines indicate the magnetic field lines. Four populations indicated in Figure 4(h2) are shown

respectively. The dark lines show the typical motion of ions. The red circle denotes the Region II. The zoom-in regions denoted with dashed

rectangles are shown in the right columns.
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these  electric  fields.  Populations  A  and  B  are  originally  from  the
same  side  or  the  opposite  side  of  the  separatrix.  Both  of  them
cross the neutral sheet to arrive at the separatrix and gain energy
from the  in-plane  electric  field  and the  Hall  electric  field  on
the separatrix. During this process, the Hall electric field  on the
separatrix  also  serves  as  the  potential  well  that  contributes  the
bounce  motion  by  transferring  kinetic  energy  between  and
|  (Aunai  et  al.,  2011).  However,  particles  in  Population  A  cross

the neutral sheet earlier and are constantly accelerated by the re-
connection  electric  field ,  forming  the  population  with  the
highest energy in the negative parallel direction. Particles in Pop-
ulation B arrive at the separatrix from the opposite side of the sep-
aratrices instead of  the reconnection region.  They do not  experi-
ence ,  resulting in less acceleration.  This leads to the formation
of  the  two  populations  with  negative  in the  specific  distribu-
tion. The  two  counter-streaming  populations  along  the  perpen-
dicular  direction  are  composed  mainly  of  particles  originating
from the undisturbed inflow region on the same side of the sep-
aratrix. Particles in Population C travel across the separatrix in ad-
vance  and  then  turn  around  to  the  separatrix  again  towards  the
location of interest,  while those in Population D just arrive at the
separatrix in time. Although all of them are accelerated by the Hall
electric field  on the separatrix, Population C enters the outflow
region  through  the  separatrix  and  is  decelerated  by  the  induced
electric  field .  This  is  the  reason  for  the  formation  of  counter-
streaming distribution with low-energy and high-energy popula-
tions.

Figure  8 shows the  temporal  variation  of  the  energy  of  Popula-

WEx WEy WEz Ex Ey Ez

ωcit = 11.8
Ex

Ey

ωcit = 10 − 12

Ez

tions A, B,  C,  and D as well  as the work done by different electric
fields , , and , through integrating ,  and  along the

particle trajectory. Population A originating from the same side of
the separatrix and crossing the neutral sheet around , is
accelerated by the in-plane electric field  (Figure 8(a2)), and the
Hall electric field  (Figure 8(a3)) before arriving at Region II. This
corresponds to the energy enhancement in Figure 8(a1) between

. Moreover,  it  is  obvious  that  Population  A  is  con-
stantly  energized  by  the  reconnection  electric  field  since  it
crosses the neutral sheet (Figure 8(a4)).

Ex Ey

Ez

Similarly,  Population B,  originating from the opposite  side  of  the
separatrix  and crossing the opposite  separatrix,  is  accelerated by
the  in-plane  electric  field  and  the  Hall  electric  field  (Figure
8(b1)). Unlike Population A, Population B is barely affected by the
reconnection electric field  (Figure 8(b4)). This is the reason that
the total energy of Population B is lower than that of Population A.

ωcit = 15.28

Ey
ωcit = 15.28

Ez JizEz

Population C  crosses  the separatrix  before , and is  ac-
celerated by the Hall electric field  along the separatrix. Thus the
energy  of  Population  C  increases  before .  Note  that
after  Population  C  crosses  the  separatrix,  but  has  not  yet  arrived
near  the  neutral  sheet,  it  is  decelerated  by  the  induced  electric
field  (Figure 8(c4)).  This  is  because the  is  negative slightly
above the separatrix.

ωcit = 15.28

ωcit = 15.28

Population D, originating from the unperturbed plasma, does not
arrive  at  the  separatrix  until  (Figure  6(d)).  As  a  result,
the  energy  for  Population  D  does  not  change  much  until

 when it  starts to increase sharply under the influence
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Figure 6.   Statistical location of particles in Populations A, B, C, and D. Each particle is represented by a colorful line. The dark line represents the

average property for all the particles. The vertical red dashed line indicates the moment . The horizontal red dashed line indicates the

location of Region II.
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Eyof Hall electric field  on the separatrix.

Ex
Ey

Ez

To summarize, for ions that arrive at the separatrix, the roles of the

three  electric  field  components  are  quite  different.  The  in-plane

electric  field  on  the  separatrices  always  accelerate  ions  when

they pass through the separatrix. The Hall electric field  serves as

an  accelerator  for  ions  that  come  from  the  unperturbed  plasma.

But for ions that bounce within the separatrices, it  contributes to

the  bounce  motion  by  acting  as  the  potential  well.  The  induced

electric field  is another efficient accelerator for ions crossing the

neutral sheet  in  the  reconnection  process.  However,  it  deceler-

ates ions that  cross the separatrix  but have not arrived in the re-

gion of the neutral sheet. 

4.  Conclusion and Discussion
Separatrices are important sites in the magnetic reconnection for

the occurrence of multiple waves and the potential  to accelerate

particles. Recent  studies  have  revealed  that,  in  magnetic  recon-

nection, ions gain more energy than do electrons. In this study, by

means of 2-D particle-in-cell simulations, we have studied the ion

distributions on the separatrices, the origins of these populations,

and their  energetics.  The  main  findings  are  summarized  as  fol-
lows.

(1) The separatrices are developed from the X point,  dividing the
unreconnected from the reconnected plasma. We exhibit the ion
distributions at different regions on the separatrices and at differ-
ent reconnection stages. The ion velocity distributions at different
regions  and  moments  reveal  the  existence  of  a  specific  velocity
distribution: two  counter-streaming  core  populations  in  the  per-
pendicular direction and two discrete populations in the negative
parallel direction. The counter-streaming cores are not symmetric
in the perpendicular direction; they exhibit different energy levels.
The two extra populations are also separately energized into two
different energy levels in the negative parallel direction.

(2) Through  investigation  of  the  trajectories  of  the  ions,  the  ori-

gins of such a distribution are revealed. The higher-energy popu-

lation at  the negative parallel  direction is  found to be composed

of ions originally located on the same side of the separatrix of in-

terest. All particles in this population are involved in the reconnec-

tion process and travel across the neutral sheet. The lower-energy

population  at  the  negative  parallel  direction  is  originally  located

on the opposite side of the separatrix. These particles move across

the opposite separatrix and arrive at the separatrix of interest. The

counter-streaming cores  are  discretized into  two parts  along the

perpendicular direction. Although both are located initially mostly

at the  same  side  of  the  separatrix,  the  particles  with  higher  en-

ergy  enter  the  separatrix  earlier  than  the  population  with  lower

energy that comes directly from the undisturbed plasma.

(3) Along the separatrix, the energy gain of the particles is attrib-

utable primarily to the Hall electric field. In the outflow region en-

closed by the separatrices, however, it is the reconnection electric

field that dominates the energization process. Along the paths to

the separatrix, the two populations that gain energy in the negat-

ive  parallel  direction  are  energized  by  both  the  in-plane  electric

field and the Hall electric field, but the population with higher en-

ergy gains additional energy from the reconnection electric field.

During  the  development  of  the  counter-streaming  distribution,

particles  travel  across  the  separatrix  and  are  influenced  by  both

the Hall electric field on the separatrix and the reconnection elec-

tric  field  between  the  two  separatrices.  Nevertheless,  the  main

contributor to the ion energy gain is the Hall electric field.

mi/me = 100

mi/me = 25

mi/me = 400

mi/me = 1836

It should  be  noted  that  this  simulation  is  idealized  in  some  as-

pects.  For  instance,  the  artificial  mass  ratio  is em-

ployed. Although this simplification has been used widely in pre-

vious  studies, Gurram  et  al.  (2020) have  suggested  that  the  Hall

fields  are  over-damped  due  to  electron  Landau  damping  in  the

case with low mass ratio ( ) compared to the case with a

higher  mass  ratio  ( ).  The  Hall  fields  in  the  situation

where the value of the mass ratio is natural (i.e., ) are

believed to propagate to a larger domain. In that case,  ions from

the  unperturbed  plasma  are  capable  of  attaining  higher  energy

from the Hall electric field. Meanwhile, we caution that this study

has  investigated  a  2-D  symmetric  setting  without  guide  field,

whereas magnetic  reconnection occurring in  space plasmas usu-

ally contains a non-negligible guide field. The guide field will res-
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Figure 7.   Energy conversion terms along and above the separatrix.

Electric field is normalized to , and ion current is normalized to

. Three components of  are shown along the separatrix and

above the separatrix respectively. Region II for detailed analysis of ion

behaviors is marked with a black rectangle.
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B0

ult in distortion of symmetric Hall fields. Fu S et al. (2018) sugges-

ted that,  when the guide field is  larger  than 0.3 ,  a  new electric

field  with  opposite  polarity  will  appear  on  the  separatrix.  Taking

such  an  effect  into  account  can  be  expected  to  lead  to  a  more

complex  picture  of  the  ion  trajectory  around  the  separatrix.  We

note  further  that  this  study  does  not  consider  the  various  waves

excited  on  the  separatrices  (Fujimoto,  2014),  nor  the  waves  and

the  instabilities  that  are  excited  in  the  reconnection  due  to  the

3-D geometry. These issues and limitations will be tackled gradu-

ally in our future investigations. 
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