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 ABSTRACT 

We investigate how population mixing leads to structured electron distribution functions 

in asymmetric guide-field magnetic reconnection based on particle-in-cell simulations. The 
change of magnetic connectivity patches populations from different inflow regions to form 
multi-component distributions in the exhaust, illustrating the direct consequence of the breaking 
and rejoining of magnetic flux tubes. Finite Larmor radius (FLR) effects of electrons accelerated 
by the perpendicular electric fields result in crescent-type nongyrotropic distributions. A new 
type of nongyrotropy is found to be caused by the combined effects of FLR and velocity 
dispersion of electrons accelerated by the parallel electric field. The patching together of 
populations, and the effects of acceleration and FLR form the first steps of mixing in the exhaust 
and separatrix regions.  I. INTRODUCTION 

Magnetic reconnection is a key process in collisionless plasmas, in the laboratory [1], the 
solar atmosphere [2], the interplanetary space [3], and the space environments of magnetized 
planets [4,5]. Energy, mass, momentum, and magnetic flux transport into Earth’s magnetic 
cavity is facilitated by reconnection at the magnetopause. Reconnection here connects plasmas 
from the hot, tenuous plasma from the magnetosphere with the cold, dense plasma from the 
magnetosheath. Magnetopause reconnection is therefore typically asymmetric in upstream 
conditions – which is generic for many applications elsewhere.  

For this reason magnetopause reconnection has attracted considerable attention [e.g., 5-8]. 
Recently, the Magnetospheric Multiscale (MMS) mission [e.g., 9-10] provided unprecedented 
high-resolution electron-scale measurements regarding magnetopause reconnection [11,26]. 
Consequently, asymmetric reconnection has seen multiple new fronts in observations and 
modeling [e.g., 11-27], including discoveries of the electron diffusion region at the 
magnetopause in both planar geometries [11,26] as well as in configurations with guide magnetic 
fields [23]. Magnetopause reconnection typically involves significant guide fields, yet most 
simulations addressing the kinetic structures of the diffusion region are for negligible guide 
fields. 

Theory and modeling research has shown that reconnection can generate multi-component 
nongyrotropic electron distribution functions inside the electron diffusion region [24-27]. These 
features were indeed found in MMS observations [11,26], leading credence to the expectation 
that reconnection operates in a laminar manner at least some of the times and that 2.5D 
simulations are appropriate to model magnetopause reconnection. These models showed mixing 
of the two different source populations in the electron-scale vicinity of the reconnection X point 
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[24,25]. This paper shows that population mixing of electrons leads to complex, multi-
component/structured distribution functions even in the larger ion-scale region.  

A long-standing fundamental question in collisionless reconnection concerns how entropy is 
generated. Past MHD and PIC simulation studies have shown that entropy is conserved during 
reconnection except for the dissipation region (reconnection layer) [28]. An analytical 
calculation for pair-plasma reconnection [29] showed that entropy increases from the inflow to 
the outflow, indicating that irreversibility is introduced in the reconnection layer that processes 
the inflowing plasma to generate outflow exhausts. What happens in the reconnection layer and 
outflow to increase entropy in fully kinetic plasmas remains unanswered. Here we illustrate for 
guide-field asymmetric reconnection how structured distribution functions are formed in the 
magnetospheric separatrix region and exhaust, due to the mixing of otherwise disjoint 
magnetosheath and magnetospheric plasmas. Our results provide hints to how irreversibility may 
occur as reconnection opens gateways for the populations to mix. In addition, our study sheds 
light on the role acceleration mechanisms and magnetic topology changes play in establishing 
the reconnection jets, serving also as guidance for the interpretation of future spacecraft data.  

 II. MODEL AND RESULTS 
Results presented here are from a high-resolution, particle-in-cell, simulation of magnetic 

reconnection in asymmetric configurations with a guide magnetic field of approximately unity. 
Details of the setup and model are discussed in recent work [25]. The initial magnetic field is 
given by Bx = 0.5+ tanh z / l( )⎡⎣ ⎤⎦cosα + sinα  

and By = − 0.5+ tanh z / l( )⎡⎣ ⎤⎦sinα + cosα
 
with  

α=-14.87, l=0.5, and an initial X-type perturbation of amplitude 0.1 (the perturbation form and 
amplitude are inconsequential for the nonlinear phase of reconnection studied here). A mass ratio 
of mi/me=25 is employed, and the ratio between plasma and electron cyclotron frequency is two. 
The electron-ion temperature ratio is Te/Ti=0.2, and the initially uniform total temperature is 
T=Ti+Te=1.5. The ratio between electron thermal velocity and the speed of light is 
approximately 0.2. The dimensions of the simulation domain are Lx=64 and Lz=25.6 ion inertial 
lengths (di) resolved by 1000 and 800 cells, respectively, with 6.4e9 particles. The simulation is 
designed to provide optimal signal-to-noise ratios for particle distributions (simulations with 
larger mass ratios and system size produce qualitatively similar results), following successes 
predicting observed distributions [11,24]. 

Figure (1) displays an overview of a subdomain of the simulated system around the in-plane 
null for the time of the peak reconnection rate, which is reached at approximately t=25 [20]. This 
rate varies slowly, it is within 10% of its peak value for about 16 ion cyclotron times [20]. 
Shown from top to bottom are the parallel electric field (E||), the z-component of the electric field 
(Ez), the out-of-plane magnetic field (By), and the out-of-plane electron current density (jye), with 
in-plane magnetic field (white contours), and electron flow vectors (gold arrows whose lengths 
represent the flow magnitudes). The upper half plane represents the magnetosphere, and the 
lower models the magnetosheath. 

The parallel electric field is positive in a di-scale region around the X point, a feature of guide 
field reconnection due to the projection of the reconnection electric field onto the guide magnetic 
field. The positive E|| extends to the upper right. Electron outflows are strongly asymmetric, 
matching the gradients of the guide magnetic field, with strongly focused jetting to the right. To 
accommodate that motion through EzxBy, the normal electric field Ez is strongly enhanced in a 
slab around the right separatrix. Note that Ez is positive in the left exhaust, while negative in the 
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right exhaust. The out-of-plane current density (jy ~ jye, as the current is carried mainly by 
electrons) also shows substantial asymmetries, with a weaker, bifurcated, structure on the right 
and a single, much stronger, leg on the left. 

Two types of population mixing will be elucidated in this paper.  The first one corresponds to 
a type of nongyrotropic velocity distribution function (VDF) occurring in the region where Ez is 
highly enhanced. An example VDF obtained from the magnetospheric separatrix region at 
approximately 1 di from the X point and collected over an interval δx=0.2 and δz=0.05 di (a 
small fraction of the particle's Larmor radius) is shown in figure (2). The reduced distributions 
f(vx,vy) and f(vx,vz) exhibit two distinct components, where vi is the particle velocity component 
in unit of the upstream magnetosheath Alfven velocity. 

The mixing of particle populations suggested by the reduced VDFs is verified by means of 
tracing particles in the evolving electromagnetic fields backwards in time from the location of 
the distribution. Four typical particle orbits are shown (color coded with their respective source 
locations in the velocity space marked in figure 2 (top left two panels)), together with the 
contribution to particle energization by parallel and perpendicular electric fields (denoted as δW|| 
and ߜ ୄܹ, the integrated kinetic energy parallel and perpendicular to the magnetic field along the 
trajectory from an arbitrary point, respectively) for each. These particles originate either on the 
magnetosheath or the magnetosphere (red and green trajectories) side. For particles with orbits 
crossing regions of enhanced parallel electric field, primary acceleration is by the parallel electric 
field (green trajectory).  The combination of magnetosphere particles with different degrees of 
parallel electric field acceleration leads to the field-aligned, cylindrical shape of the main part of 
the distribution function. This component is shifted toward vy<0 as seen in the distribution 
f(vx,vy) (top right panel), reflecting the acceleration (vy~ v|| at this location) by the positive E|| in 
the region encompassing the X point. 
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The second element is a 
strong enhancement of phase 
space density off the axis of the 
main component of f(vx,vy), 
involving particles originating 
from the magnetosheath side 
(black and blue trajectories). 
These particles enter the right-
side reconnection exhaust, and 
with finite Larmor radii, cross 
into the region of enhanced 
normal electric field Ez around 
the magnetosphere-side 
separatrix. During the upward 
part of their (distorted) Larmor 
orbit, these electrons 
experience acceleration by the 
strong perpendicular electric 
field, and deceleration on the 
downward leg. This 
phenomenon generates strong 
gyrophase dependence. At the 
energy peak, this acceleration 
has moved particles away from 
the thermal range, which 
combined with sampling only 
the upper part of the orbit 
(finite Larmor radius effect) 
leads to a crescent-type 
structure in f(vx,vz). The larger 
phase space densities of the 
magnetosheath plasma make 
this the strongest component in 
the distribution. This 
accelerated magnetosheath 
population contributes to the 
fast electron outflow in the 
region of enhanced Ez. To date, 
nongyrotropic electron 
distribution functions of the 
type discussed in Figure 2 have 
been observed by the MMS 
mission in guide-field 

magnetopause reconnection [33] (see distribution 4 in Figure 6 of the paper). These observations 
provide confidence in the robustness of the simulation predictions. 

 

Figure 1. Structure of the di-scale region surrounding the in-
plane X point at the time of the peak reconnection rate in 
asymmetric guide-field reconnection. From top to bottom, the 
parallel electric field, the z-component of the electric field, 
the out-of-plane magnetic field, and the out-of-plane electron 
current density. In each panel, the in-plane magnetic field is 
represented by the magnetic flux contours (white), and the in-
plane electron flow velocity by arrows (gold). Length scales 
are normalized to the ion inertial length. The di-scale positive 
E|| and the highly asymmetric Ez along the magnetosphere 
separatrices are outstanding features of guide-field 
asymmetric reconnection, and they are key to supporting the 
in-plane electron flow in the positive Bx region.  
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The second type of population mixing occurs in the outflow region. As an example, a set of 
distributions is shown in figure 3 for a single flux tube in the left outflow region. We find the 
apparent combination of two different populations by a patching process, where one source 
population covers one range of parallel velocities, and the other source population covers the 
rest, directly abutting the former. Close inspection of figure 3 reveals that the location in velocity 

space where the two 
populations abut each 
other, as well as their 
relative contribution, 
appear to depend on the 
position along the field 
line. Specifically, a 
stronger contribution of 
the magnetosheath 
population is seen at the 
lower leg of the field line 
(Bx<0) whereas the 
magnetospheric 
population dominates in 
the upper leg (Bx>0), and 
stronger domination of 
the sheath (sphere) 
component further  
along the sheath (sphere) 
field line away from the 
Bx reversal. 

The transition velocity 
between the two 
populations also depends 
on the position along the 
field line. This transition 
appears to be, at least in 
part, determined by a 
time-of-flight effect due 
to the ballistic motion of 
particles along the 
magnetic field after 
magnetic reconnection 
has occurred. 
Conceptually, this idea 
involves a magnetic 
disconnection and 
reconnection of a flux 
tube at t=0, which 
generates a segment 

containing magnetosheath particles patched together with a segment containing magnetospheric 

Figure 2. Crescent-type nongyrotropic distribution on 
magnetospheric field lines due to mixing of  local inflow population 
with the magnetosheath electrons accelerated by Ez. The three 
reduced electron distributions at x=34.62 and z=0.12 (top panels), the 
traces of four particles contributing to the above distributions plotted 
on top of the poloidal magnetic field and the z component of the 
electric field, and the contributions of the parallel electric field (lower 
left) and the perpendicular electric field (lower right) toward overall 
particle energization. Final particle velocities are marked by the 
corresponding colors in the top left and center panels (same color 
codes as the orbits and energy changes). 
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particles. As time evolves, particles will follow their thermal motion along the magnetic field and 
create interpenetration of magnetospheric and magnetosheath populations. The transition occurs 
at the parallel velocity determined by the location along the field line as well as the time after 
field line reconnection. The transition velocity is approximately v||=L/t, where L is the (signed) 
distance from the point of new connection along the field line, and t is the time since 
reconnection. Subsequent thermalization of the patched distributions and those shown in figure 
(2) will lead to entropy increase, and thereby contribute to the overall dissipative nature of the 
reconnection process. 

The distributions near the magnetospheric separatrix exhibit a nongyrotropic feature, which 
merits further investigation. Particularly on the upper leg of the field line, closer to the 

magnetospheric side, the 
sheath component of the 
combined distribution 
exhibits asymmetry about the 
velocity direction parallel to 
B, whereas the 
magnetospheric part appears 
to be aligned well with the 
local magnetic field. 
Additional processes must be 
at work, beyond the relatively 
simple patching of 
populations.  

In order to understand the 
processes responsible for this 
asymmetry, we investigate 
the distribution on the upper 
left of figure 3. All three 
reduced distributions are 
shown in the top panels of 
figure 4. We again trace 
particles backwards in time. 
The locations in velocity 
space from which particles 
are traced are indicated in the 
upper left panel of figure 4, 
together with the projection 
of the local magnetic field 

direction onto the vx-vy plane (red arrow). Five particles are integrated, two of which (green and 
black) originate from the magnetospheric side, and the other three (orange, red, and blue) from 
the magnetosheath side, as demonstrated by the orbits shown in figure 4. 

All magnetosheath particles encounter enhanced parallel electric field, indicated by the bright 
yellow colors in the E|| (center) panel. This parallel electric field changes particle energies 
appreciably (lower left panel of figure 4). The orange particle is energized the most, and the blue 
particle the least.  

 

Figure 3. Set of reduced distributions f(vx,vy) along a flux 
tube (center line colored green) shortly after it has been 
reconnected. The individual panels show the dependence of 
the structure on the location on the reconnected field line. 
The patched distributions combine the magnetosheath and 
magnetosphere inflow populations, and illustrate the result of 
breaking and rejoining of magnetic flux tubes during 
reconnection. The high phase-space-density magnetosheath 
population is an important contributor to the electron outflow 
in the region above the Bx reversal. The distribution to the far 
left, taken around x=26.11 and z=0.32, shows that 
distributions further downstream are increasingly isotropic. 



7 

After acceleration, the magnetosheath particles travel down the magnetic field to the location 
where we calculate the distribution function. The bottom right panel of figure 4 shows that the 
gyrocenters of the three particles lie on progressively lower flux tubes, indicated by the dashed 
lines, which have been added to the orbit projections onto the x-z plane. The blue particle 
exhibits the smallest parallel velocity and the largest pitch angle, with a gyrocenter on a flux tube 
inward from our VDF location. This flux tube reconnected earlier than the one that contains the 
distribution function location. Consequently, a magnetosheath particle,with smaller parallel 
velocity had more time to propagate along the magnetic field to our location of interest compared 
to particles with gyrocenters located on more recently reconnected flux tubes. This is why the red 
particle has larger parallel velocity and smaller pitch angle, and,the orange particle has the 
largest v||, but the smallest pitch angle. All particles contribute to the distribution function, which 
leads to the tilted magnetosheath feature in the top left panel. This new, dispersive, structure is 
the combined result of time-of-flight effects, parallel electric field acceleration, and finite Larmor 
radius effects. 

Farther away from the upper separatrix and deeper inside the reconnected flux region, the 
increasing distance from the accessible boundary of magnetosheath electrons reduces 
asymmetries due to the finite Larmor radius effects. Consequently, distributions there (one 
example from further downstream is shown at the far left of figure 3) feature magnetosheath 
contributions more symmetric about the velocity direction parallel to the magnetic field. We 
expect again that the multi-component structures due to patching will eventually get smeared out 
(such as the distribution from x=26), e.g., by anisotropy-driven instabilities, and thus contribute 
to the overall entropy generation in collisionless magnetic reconnection.  
 

 III. DISCUSSION AND CONCLUSIONS 
     We used particle-in-cell simulations to demonstrate that multi-component electron 
distributions prevail not only in the X-point vicinity but also in the exhaust and separatrix 
regions of asymmetric magnetic reconnection with a significant guide magnetic field. We 
showed that population mixing occurs on magnetospheric (not yet reconnected) field lines due to 
finite Larmor radius effects of accelerated magnetosheath particles as well as on reconnected 
magnetic fields. Common on reconnected field lines is population patching - the simple result of 
ballistic propagation of magnetosheath and magnetospheric populations brought into contact by 
the reconnection process. A gyrotropic version of population patching has been observed 
[31,32], and recent observations also demonstrate nongyrotropic patching [33]. The patched 
distributions demonstrate the remarkable way reconnection mixes particles of different origins 
and different histories of acceleration by parallel and perpendicular electric fields. This mixing 
occurs even at significant distances from the X-point vicinity where structured distributions due 
to mixing are expected in principle [25,30]. Secondary instabilities and further mixing effects 
will likely conspire to reduce or eliminate these structures after longer time spans, leading to 
more isotropy. Similar effects should be expected for the ions as well, on their much larger scale 
lengths. 
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In the region where the 
normal electric field is highly 
enhanced, the electron outflow 
is the fastest and is supported 
by  EzxBy and the 
nongyrotropic magnetosheath 
component. In the left exhaust 
where the electron outflow is 
weaker and less focused than in 
the peak Ez region, parallel 
electric field acceleration 
combined with time-of-flight 
and finite Larmor radius effects 
shape the electron distributions, 
causing nongyrotropy and 
velocity dispersion near the 
magnetospheric separatrix. The 
parallel electric field in the di-
scale region encompassing the 
in-plane X point is specific to 
guide-field reconnection and in 
part responsible for the 
asymmetries between the two 
exhausts, as it accelerates the 
magnetosheath electrons in the 
left exhaust, but decelerates 
sheath electrons in the right 
exhaust.  

These results constitute 
predictions for the kinetic 
structures of guide-field 
asymmetric reconnection, and 
open up new grounds for future 
research with space missions 
such as MMS. 
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Figure 4. Three reduced electron distributions at x=30.21 
and z=0.55 exhibiting a second type of nongyrotropy. The 
left panel, depicting f(vx,vy), also shows the local projection 
of the magnetic field, as well as the phase space locations of 
five particles, which are traced backwards in time. All 
particle trajectories are plotted on top of the parallel electric 
field and the poloidal magnetic field in the middle panel. 
The bottom left panel depicts the energization due to E|| for 
each of these particles – only magnetosheath particles are 
accelerated. The motion of the three sheath particles near the 
collection point is plotted together with the magnetic flux 
tubes coinciding with their gyrocenter locations. 
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