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Phase space structure of the electron diffusion region in reconnection
with weak guide fields
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Kinetic simulations of magnetic reconnection provide detailed information about the electric and
magnetic structure throughout the simulation domain, as well as high resolution profiles of the
essential fluid parameters including the electron and ion densities, flows, and pressure tensors.
However, the electron distribution function, f{(v), within the electron diffusion region becomes
highly structured in the three dimensional velocity space and is not well resolved by the data
available from the particle-in-cell (PIC) simulations. Here, we reconstruct the electron distribution
function within the diffusion region at enhanced resolution. This is achieved by tracing electron
orbits in the fields taken from PIC simulations back to the inflow region where an analytic form of
the magnetized electron distribution is known. For antiparallel reconnection, the analysis reveals
the highly structured nature of f{(v), with striations corresponding to the number of times electrons
have been reflected within the reconnection current layer, and exposes the origin of gradients in the
electron pressure tensor important for momentum balance. The structure of the reconnection region
is strongly tied to the pressure anisotropy that develops in the electrons upstream of the
reconnection region. The addition of a guide field changes the nature of the electron distributions,
and the differences are accounted for by studying the motion of single particles in the field
geometry. Finally, the geometry of small guide field reconnection is shown to be highly sensitive
to the ion/electron mass ratio applied in the simulation. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4766895]

. INTRODUCTION Earth’s magnetosphere.”® Emphasizing the importance
attributed to the electron physics within the reconnection
region, NASA’s Magnetospheric-Multiscale (MMS) mission
is underway where four spacecraft, optimized for measuring
the details of the electron distributions during reconnection,
will be deployed in the Earth’s magnetotail.

Recently, for anti-parallel reconnection, the structure of
the electron distribution within the reconnection region in a
PIC simulation has been obtained at unprecedented high re-
solution, revealing its structured nature.” This was accom-
plished using Liouville’s theorem (df/dt =0 along particle
orbits) in the field geometry of a kinetic simulation, follow-
ing the orbits of electrons backward in time until they
reached the inflow where an analytic form of the electron
distribution is known'®!" and can be used as an upstream
boundary condition. The strong anisotropy that develops in
the inflow region and is accounted for in the analytic form
explains the formation of the elongated electron jets
observed in simulations of antiparallel reconnection.'*'? In
addition, it was shown how the anisotropy is important in
determining the structure of the electron distribution in the
diffusion region.9

In this paper, the orbit tracing method of Ref. 9 is
applied to simulations of reconnection with small guide
fields, a more generic regime relevant to nature. This reveals
highly structured and complicated electron distributions gov-
erned by the dynamics of the electrons in the region in con-
junction with the anisotropic electron pressure that develops
Yjegedal@psfc.mit.edu. upstream in the reconnection inflow region. In addition, as it

Magnetic reconnection is a change in topology of the
magnetic field lines in a plasma,’ often with the conversion
of stored magnetic energy to the kinetic energy of acceler-
ated particles. It is believed to play a vital role in a variety of
laboratory and astrophysical plasma processes, including so-
lar flares, magnetic substorms in the Earth’s magnetosphere,
and coronal mass ejections.”™

In collisionless reconnection, the electron diffusion
region, where the electron motion decouples from the mag-
netic field lines, is an area of significant interest. While a
large body of work shows that the rate of reconnection is in-
dependent of the exact mechanism that allows the electron
fluid to decouple from the magnetic field,® an understanding
of the structure of the inner reconnection region may hold
the key to determine how and under what conditions fast
reconnection is initiated. Fully kinetic particle-in-cell (PIC)
simulations have yielded a wealth of information on the
structure of the reconnection region. In addition, spacecraft
missions have provided in situ measurements of the electron
distribution in the vicinity of the reconnection region. How-
ever, PIC simulations are often too noisy for determining the
fine structure of the 7D electron distributions function
f(t,x,v) and spacecraft observations still lack the high time
resolution required to resolve the structures in f during short
lasting encounters with reconnection regions in, say, the

1070-664X/2012/19(11)/112108/12/$30.00 19, 112108-1 © 2012 American Institute of Physics
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has been shown that the reconnection geometry is sensitive
to the mass ratio used in the simulations,14 both reduced and
full mass ratio simulations are studied and the electron distri-
butions compared.

This paper is organized as follows: in Sec. I, the orbit
tracing method used to reconstruct the electron distribution
is reviewed. In Sec. III, the structure of the electron distribu-
tion in the diffusion region in antiparallel reconnection is
reconstructed, and the distributions obtained validated
against the simulation data. In Sec. IV, the method is applied
to data from simulations with small guide fields, and a simi-
lar scan is performed at full mass ratio. Finally, in Sec, V,
the paper is summarized and concluded.

Il. ORBIT TRACING METHOD

In order to study the internal structure of the electron dif-
fusion region in detail, simulations from the fully kinetic parti-
cle-in-cell code VPIC'® are used in conjunction with the
tracing of electron trajectories. The electron distribution is
reconstructed at high resolution through the use of Liouville’s
theorem. Starting at a point within the diffusion region, the
equations of motion for electrons with different initial veloc-
ities are integrated backwards in time numerically using the

100 200 x[d] 300
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electric and magnetic fields from a single time slice of the PIC
simulation.

Once the electrons reach the inflow region where
f(v),v1) is known, the value of f(x, v) is obtained directly.
For this inflow distribution f(vj,v.), we use the analytic
form given in the Appendix, which is the relativistic gener-
alization of the theoretical distribution derived in Ref. 10.
The analytic inflow distribution includes the effect of elec-
trons becoming trapped in magnetic wells and by parallel
electric fields; its form is characterized by the ratio between
the magnetic field and the asymptotic magnetic field B/B..
and acceleration potential ®. The anisotropic distribution
at a point just upstream of the electron diffusion region is
shown in Fig. 1(e). At this point, the trapped electrons
make up the bulk of the distribution. Because the magnetic
moments of the individual electrons are conserved, the per-
pendicular temperature of the trapped population is approx-
imately T.B/B, and it follows that f(v,v,) is only large
if {mv? <T.B/By and %mvﬁ < e®|, where T.B/By
< e®. Given that the analytic form of the distribution in
the inflow is known, the role of (I)H and B/B, to the struc-
ture of the distribution in the diffusion can be tested by
manipulating their values, which will be shown in the fol-
lowing section.
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tion of anti-parallel reconnection. (a) Acceleration
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All the simulations applied are translationally symmetric
in the y direction and have domains of 20d; x 20d;. The initial
state is a Harris sheet'® characterized by T;/T, =5, vme/c
= 0.13, wpe/wc = 2, and a background plasma with density
= 0.23ny, where ny is the peak Harris density. Simulations
are performed at mass ratios m;/m, = 400 and 1836, keeping
the size of the simulation domain in d; fixed. The code tracks
roughly 2 x 10° to 2 x 10" particles and as described in
Ref. 12, at all domain boundaries open boundary conditions
are applied for the particles and fields. Magnetic reconnection
develops from a small initial perturbation. The coordinate
system is defined with the x axis along the outflow direction, z
axis along the inflow, and y axis into the page. Unless other-
wise mentioned, distances are measured in terms of d,, while
velocities are given in terms of c.

lll. ANTIPARALLEL RECONNECTION

We start by providing a more in-depth analysis of the
antiparallel (B, = 0) reconnection geometry at mass ratio 400
z=199.66d

z=198.50d  z=199.33d

z=200.00d
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studied in Ref. 9. The simulation domain is 2560 x 2560
cells = 400d, x 400d,, where d, = ¢/ pe 18 the electron iner-
tial skin depth. In Fig. 1, @), B, log,o(p;/p.) and J, at time
1Q,; = 19 are shown, after reconnection has reached a near
steady state. Close to the layer, e® /T, reaches a maximum
value of approximately 7 while the ratio p /p_ is about 9.
Using the orbit tracing method described in the preced-
ing section, the electron distributions from points on a cut
along the z-axis close to the x-line are obtained. These are
shown in Fig. 2(a), where the coloured plots show the aver-
aged values over vy, vy, and v., respectively. Within the
layer, the distribution is highly structured, and a phase space
hole in v. is observed,'” splitting the distribution into two
somewhat triangular portions which extend to large values of
vy. This hole is caused by the electron meandering motion in
the diffusion region and the inversion layer of the in-plane
electric field E, (see Ref. 18). Due to the width of the distri-
bution in the v, direction, the contributions of the large |vy|
electrons are washed out in the v,-v; plots. Also observed are
a number of striations, most noticeable in the v,-v, plane.
z=200.33d

z=200.66d_ z=201.00d
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FIG. 2. Plots of reconstructed distribution function along a cut at x = 206.25d,. Velocity units are in terms of c. (a) Distribution function averaged over yuv,, yvy,
and yv,, where 7 is the Lorentz factor. (b) Moments of the electron distribution for a cut along the z axis passing through the x-line. From left to right, the density,
fluid velocity, diagonal, and off-diagonal components of the pressure tensor are plotted. The dashed lines show the data from the PIC simulation while the solid
lines show the reconstructed moments. Density and pressure components are normalized to g and the value of T\, = m, ‘[vxvxfd‘% v/7y outside the layer.
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Moving outside the layer, the separation in v, and extension
in v, decrease, eventually becoming the elongated distribu-
tion characteristic of the inflow region.

Taking moments of the reconstructed distribution, the
density, fluid velocity, and pressure tensor can be obtained
and compared with the data taken directly from the PIC code
in order to verify the validity of the reconstructed f. As
shown in Fig. 2(b), good agreement is found between both
sets of data. This provides evidence of the accuracy of the
reconstructed distributions.

A more detailed three-dimensional view of the recon-
structed distribution function at locations around the x-line is
shown in Figs. 3(a) and 4(a)—4(d). As mentioned earlier, the
two main portions of the distribution (v, < 0 and v, > 0) are
further divided by numerous striations. Tracing of orbits reveals
that the striations are characterized by the number of times elec-
trons are reflected in the z-direction within the layer before
reaching the point of interest, with larger |v, | corresponding to a
larger number of reflections. These oscillations are the charac-
teristic of meandering electron motion in a field reversal.'”

In the layer, the electric and magnetic fields are well
approximated by

E=Ej, B:Bo(2“+%i). (1

Here, d and L are typical length scales of the thickness and
width of the electron diffusion region, with d ~ d, and
L > d. As such, the equations of motion can be written as

(@) x=206.25d_,z=200d_

0.2 5

0.1+
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If the E| term in the y equation is assumed to dominate, the x
and z equations of motion reduce to

e e X
¥ =—-— vo — —Eyt |Bo—
) me(<y0 me y) 0L>
e e z
i=——|—|y9g——Eyt |Bo—
z me( <y0 me y> 0d>7

whose solutions are linear combinations of Airy func-
tions.'>** This accounts for the oscillatory motion in the z
direction and eventual ejection of the electrons in the x direc-
tion. Typical trajectories with O, 1, and 2 reflections are
shown in Fig. 3(b). This classification by the number of
reflections is also seen in Refs. 21 and 22, though they do
not capture the full three dimensional structure of the elec-
tron distribution.

To explain the form of the striations, it is important to
note the anisotropic form of the distribution in the inflow just
upstream of the layer, shown in Fig. 1(e). The regions with
large f in the reconstructed distribution mainly correspond to
trapped particles in the inflow distribution, and we can thus
obtain the center of the striations by injecting electrons

3)

# reflections

FIG. 3. Electron distribution within neu-
tral sheet. (a) Isosurface of the distribu-
tion at x-line. The different colors
correspond to the number of times the
electrons are reflected in the layer. (b)
Electron orbits from x-line with 0, 1, and
2 reflections. Color plot is in-plane elec-
tric field E., with contours of in-plane
projection of magnetic field lines.

(b) =
205 0.02
Eﬂ) 200 5{,-—.0 "‘“‘“\W‘A"‘.“ e —y —— 0 LIJN
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FIG. 4. (a) and (b) Isosurfaces of the dis-
tribution at Az = =0.33d, above and
below x-line at (x, z)=(206.25, 200).
The red region lies in v. > 0, the blue in
v, < 0. Note the relative displacement in
vy of the red and blue surfaces as z
increases, causing a gradient in Py.. (c)
and (d) Isosurfaces of the distribution at
Ax = £5d, to the left and right of the
x-line. Rotation of the distribution along
the layer causes the gradient in P,,. (e)
and (f) v,-v, distribution of particles
taken from PIC simulation at Ax
= *5d,. (g) and (h) The distributions in
(a), (b) after integrating over v, and v,
showing the v, < 0 and v. > O contribu-

tions separately (making the displace-
ment in v, clearer). Vertical axis units
are arbitrary. The red line represents
v, > 0, while the blue is for v, < 0.

Ax=0de
1 Az=033d, |
-0.3 0 v 0.3 -0.3 0 v 0.3 -0.3 0 v 0.3
X X X
() Ax=0d, (h) Ax=0d,
1.2 Az=-033d, 1.2 Az=033d,
) —
f_(vy) —
0.6 0.6
0 - 0
-1.2 Vy -0.6 0

parallel to the outside magnetic field (v, =0), with
gmuf < e®|. As the tip of each striation consists of the high-
est energy electrons, their lengths are approximately deter-
mined by the acceleration potential @.

To further validate the result, particle data taken directly
from the PIC simulation are presented in Figs. 4(e) and 4(f).
This confirms the general form of the reconstructed distribu-
tion, and illustrates a key advantage of the orbit tracing
method, as the resolution achieved spatially and in and ve-
locity space is much higher due to the ability to select as
many velocity points as necessary (here 200° are used).

The different parts of the distribution correspond to elec-
trons originating from the four quadrants in the x-z plane. By
considering their trajectories, it is clear that those with posi-
tive v, originated from the left of the x-line, and those with
negative v, from the right. The entry z position is determined
by the number of reflections and the sign of v.. For example,
the trajectory with two reflections in Fig. 3(b) contributes to
the third “finger” in the bottom-right of the distribution.

The entry angle Z (v, v,) of the parallel streaming elec-
trons is similar to £ (B,,B,) at the entry position. This entry
angle and the v.B, magnetic forces, which rotate the velocity
into the y-direction, control the angle between the striations
of fin the v,-v, plane and vary discretely with the number of
reflections. From here, it can be seen how the inflow
anisotropy drives the current, as the large parallel streaming
velocity of the electrons upstream of the layer gets turned

into the y-direction by the entry angle and by the magnetic
forces. The narrow “tip” of the distribution with high number
of reflections is due to the longer time this limited class of
electrons is accelerated by E,.

In addition, the structure of the distribution accounts for
the momentum balance in the direction of the reconnection
electric field. Close to the x-line, B vanishes and the off-
diagonal terms of the pressure tensor are dominant, balanc-

ing the electric field
1 1 /OoP,, OP
E,~——(V-P) =—— ald ad 4
Y ne(v )y ne(@x i (?z)7 @

where the frozen in condition E + v x B = 0 is broken by
electron meandering motion.”> These terms arise from the
small changes in the distribution function between different
positions. In Figs. 4(a), 4(b), 4(g), 4(h) (and Fig. 2(a)), mov-
ing from below to above x-line, the v, < 0 portion of the dis-
tribution being slightly displaced in the negative v, direction
relative to the v, > 0 portion and ends slightly displaced in
the positive v, direction, giving rise to a gradient in Py.. The
displacements are due to the different times electrons spend
in the diffusion region, which affects the change in v, due to
acceleration by the reconnection electric field. The gradient
in the P,, term arises from the rotation of the distribution in
the v,-v, plane as one moves along x, which is shown in
Figs. 4(c) and 4(d).



112108-6 Ng et al.

A. Role of E, and @ in determining the structure of f

The role of E, in the acceleration of electrons in the nar-
row tip of the triangular distributions can be shown numeri-
cally. A series of simulations with parameters described in
Ref. 9 were performed, with an additional force applied to
electrons in a 40d, x 3d, box around the x-line. In one simu-
lation, this external force canceled the E, component of the
Lorentz force, while in another, the additional force doubled
E,. At all times were Maxwell’s equations solved self-
consistently. The electron distributions at the x-line from
these simulations are shown in Fig. 5(a), and the dependence
of the length of the tip on E, is clear. In all cases, there is still
turning of the electron velocity in the y direction due to the
effects of the magnetic field.

The impact of using the anisotropic distribution, in par-
ticular, the large <I)H, as a boundary condition is illustrated in
Fig. 5(b), in which a reconstructed distribution function with
® = 0 assumed in the inflow is compared to the distribution
with the actual @ from the simulation. Without the large @,
which gives rise to the elongated inflow distribution, the full
length of the fingers in the reconstructed distribution is not
observed.

IV. RECONNECTION WITH SMALL GUIDE FIELDS

In nature, the generic reconnection scenario includes a
guide field, and its addition to the antiparallel reconnection
geometry influences the structure of the reconnection
region.14’24 While at mass ratio 400, the electron jets men-
tioned in Sec. I are observed up to guide fields of
B, = 0.14By, recent full mass ratio simulations have shown
that they no longer exist even for extremely small guide

@ 02
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fields (B, = 0.05B,).'* The effects of small guide fields on
spacecraft observations of reconnection will thus play an im-
portant role, and it is necessary to understand how the struc-
ture of the diffusion region changes with B,.

In this section, results from mass ratio 400 simulations
are first presented to illustrate the changes in the distribution
function as the guide field is gradually increased from
0.05B( to 0.2By. The results of full mass ratio simulations,
where the dependency on B, is stronger, will then be shown.

A. Mass ratio 400 simulations

The simulations used have the same parameters as
described in Sec. III, with the value of B, being the only
variable changed between simulations. Again, the orbit trac-
ing method is applied to fields from time slices after recon-
nection has become steady state, and the form of the
distribution function is thereby obtained. In Fig. 6, plots of
E. and the in plane electron flow U,, in simulations with dif-
ferent values of B, are shown. The two columns show the
existence of the elongated region for guide fields up to
B, = 0.14Bg, and the disappearance of the jets at
B, = 0.2By.

A comparison between the x-line distributions for B, = 0
and B, = 0.05By is shown in the first two columns of Fig. 7,
revealing clear differences between their structures. In the top
panels (v,-v; plane), the phase space hole in v, closes when B,
is finite, and f is large around a region with small v,, v,, and
negative vy. Protruding from this central region are a number
of “fingers” with different inclinations, which are most easily
seen in the v,-v, plane.

The lack of a phase space hole in v, is most easily
explained and is due to the lack of the inversion layer of the

Ey=2E0

FIG. 5. (a) Electron distributions aver-
aged over v, at the x-line from simula-
tions in which the force of E, on the
electrons is modified. In the left plot,
there is no elongation due to the absence
of Ey. The center plot shows the distribu-
tion in the unmodified simulation, while
there is increased electron acceleration
in the final plot, where E, has been effec-
tively doubled. (b) Comparison of the
reconstructed distribution using e® /T,
= 5.4 (from simulation data) and O
(assuming only magnetic trapping). The
importance of the parallel potential in
determining the length of the fingers is
evident. Note that the data in (a) and
(b) come from two different sets of
simulations.
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FIG. 6. Changes in the reconnection geometry as the
guide field is increased from O to 0.2B. The left column
shows the in-plane electric field E., while the right col-
umn shows the electron flow velocity U,, (in this figure,
the x-axis is shifted such that the x-line is located at
(x,z) ~ (0,200)). The electron Alfvén speed is 0.3c, so
electrons in the jets are moving at this velocity.

Bg =0.2 B0

FIG. 7. Electron distributions at the x-
line from simulations of reconnection
with increasing guide fields. From left
to right, B, = 0, 0.05B0, 0.1By, 0.14B,,
and 0.2B,. At the largest guide field, the
elongated electron jet is no longer pres-
ent and the field geometry is different.
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in plane electric field E. in the diffusion region,'® which
allows electrons to reach the x-line without being accelerated
in the z-direction. In order to understand the other features of
the distribution, it is once again useful to trace the origin of
the particles from different regions of velocity space, and
count the number of times they cross z = 200d,. This is illus-
trated in the three dimensional plots of the distribution and
some characteristic orbits shown in Figs. 8 and 9.

The electrons in regions with large f correspond to two
types of trajectories. In the central region of the velocity dis-
tribution, orbits are similar to those shown in Fig. 8(b), com-
ing from the top right and bottom left quadrants in the
inflow, where the guide field is in the same direction as the
quadrupolar Hall field. Within the fingers, the orbits are like
those in Fig. 8(c), coming from the regions where the guide
field is in the opposite direction to the quadrupole field. On
entering the layer, the particles exhibit oscillatory z motion
with a large amplitude as they are ejected in the x direction.
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The nature of these orbits also explains the alternation of the
sign of v, with the number of reflections for electrons with
the same v, sign. As the electrons in the fingers come from a
lower B region with a thinner distribution (in the v, direc-
tion), the fingers are thinner than the central region. This
behavior is unlike the antiparallel case, where all particles
undergo similar types of motion.

The motion of electrons in the central area is well
approximated by the model of Goldman et al.,'* in which the
equations of motion Eq. (3) are modified by the addition of
the guide field and the replacement of v, with the mean y
fluid velocity. Setting e¢/m, = 1 for convenience,

z

. X . .
X = —UyBOZ+ZBy, z = UyBOd

XBy. (5)
The resulting linear equations of motion then account for
vertical deflection of the trajectories as the electrons are
ejected from the layer.

# reflections
(6]

3

1 FIG. 8. (a) Isosurfaces of the electron
distribution at the x-line for B,
= 0.05By. Colors show the number of
times an electron is reflected before
reaching the x-line. (b) Trajectory of an
electron reaching the point marked (b) in
velocity space from the left and exiting

0.02 from the right. Likewise for (c).

N
L
-0.02

250
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As seen in Figs. 7 and 8(a), the fingers in the distribution
are inclined in both the v,-v, and v,-v. planes. The inclination
in the v,-v, plane of the fingers with no reflections is due to the
field-aligned motion in the inflow—the addition of the guide
field means that the direction of the magnetic field just outside
the layer is no longer purely in the x direction as in the antipar-
allel case. As in the antiparallel case, the large @ outside the
layer determines the length of the fingers. The presence of the
guide field (B, > 0 near the x-line) also causes acceleration in
the z direction due to the v,B, force, which accounts for the
initial inclination in the v,-v, plane.

As the number of reflections increases, the angle of in-
clination (measured from the v, axis) increases and the mean
|vy| increases. Once again, the increase in |vy| is due to the
turning effect of the magnetic field, with some contribution
from E,. The decrease in |v,| also follows from Eq. (5). The
v.B, term is small when averaged over an oscillation period,
so particles travelling towards the x-line are decelerated in a
similar manner to the antiparallel case. However, a complete
explanation of the acceleration in z requires the use of the
full equation of motion and must be solved numerically.

Figure 10 provides an illustration of how the fingers
from different positions in the diffusion region are related. In
Figs. 10(a) and 10(b), distributions from the x-line and a
point 5d, to its left are displayed. The three colored points in
each figure correspond to electrons following the trajectories
in Fig. 10(c), and the point at which the distribution in (a) is
evaluated is the average position of where the three trajecto-
ries first cross z = 200d,. As the electrons move from (a),
where they lie in the finger with no reflections, to (b), their
positions in velocity space evolve until they eventually
reside in the finger with one reflection in the distribution at
the x-line. These numerical results thus demonstrate how the
fingers in the distribution are related to one another.
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FIG. 9. Four different views of isosurfaces of the elec-
tron distribution at the x-line for B, = 0.05B,. Colors
show the number of times an electron is reflected before
reaching the x-line, and only regions with electrons
with 0, 1, and 2 reflections are shown.

The changes in the distribution as the guide field is
increased are displayed in Fig. 7. The structure of the central
region remains the same, and the changes are mostly seen in the
fingers. Most evidently, in the v,-v, plane, they increase in incli-
nation as B, increases, due to the orientation of the external
magnetic field as mentioned earlier. The difference between the
B, = 0.2B case and the other distributions is due to the differ-
ent field geometry, as the elongated electron layer is no longer
present. Nevertheless, the general structure of the distribution at
the X-line is similar. Thus, as B, increases with the field geome-
try remaining similar, the effects on the distribution are small.

B. Mass ratio 1836 simulations

In the full mass ratio simulations, the size of the simula-
tion domain in terms of d; is maintained, and is 5120
x5120cells = 857d, x 857d,. All other parameters remain
as described in Sec. III. In agreement with Ref. 14, the elec-
tron jets are not present at the guide field B, = 0.05B,,
though there is a somewhat elongated diffusion region.

Reconstructed distribution functions from the full mass
ratio simulations are presented in Fig. 11. In the antiparallel
case, the distribution has the same structure as in the antiparal-
lel mass ratio 400 simulation shown in Fig. 3. This is expected
as the field geometries and inflow distributions are similar.

However, at full mass ratio, the dependency on B, is
stronger than in the case with n;/m, = 400. At B, = 0.05B,
there is still an elongated region but electron jets are not
present, indicating this value of B, is close to the transition
between reconnection with and without the electron jets. The
distribution obtained has similarities to both the B, = 0.14B¢
and 0.2B distributions at mass ratio 400.

As B, is increased to 0.1B, where there are no jets but the
exhaust is unmagnetized, the distribution becomes more
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Ax==5d, x line
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FIG. 10. A demonstration of the evolution of the velocity space positions of electrons in the fingers. Electrons from the zero-reflection finger in (a) follow the
trajectories in (c) until they reach the one-reflection finger at the x-line (b). The distribution in (a) is taken from the average x position of the z = 200d, cross-

ings of the three trajectories.

Bg=0 Bg=0.05 B0 Bg=0.1 B0 Bg=0.14 B0 Bg=0.2 B0

FIG. 11. Electron distributions at the x-
line from full mass ratio simulations.
From left to right, the B, = 0 (antiparal-
lel), 0.05By, 0.1By, 0.14By, and 0.2B.
The antiparallel distribution has the
same structure as in the mass ratio 400
antiparallel simulation, while the B, # 0
cases are similar to larger guide field
simulations at mass ratio 400.
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similar to the B, = 0.2B, case in the mass ratio 400 simula-
tion. Above B, = 0.14B, in the full mass ratio simulations,
there is a transition to a geometry with a magnetized exhaust,
and the distributions approach the anisotropic f given by
Eq. (A2).

The correspondence of the distributions in simulations
with stronger guide fields at low mass ratio and weaker guide
fields at high mass ratio can be explained by considering the
geometry of the magnetic fields. With the addition of a guide
field, Eq. (1) becomes

B:Bo(gA—&-%i)—&-Bgy. 6)
In the simulations used above, the global field geometry
depends on the ion inertial scale, so d, L o d;, while the size of
the electron scale current layers are governed by the electron
skin depth, d,. As such, the magnetic field can be written as

z X . m,(z, X, N
BBO(g{,AX+d,/\Z) +Bgy—Bo I’nl(A +AZ) +Bgy,
)

where d = d;A, L = d;A, ¥ =x/d,, and Z =z/d, and the
relation d; = \/m;/m.d, has been used. The effect of the
guide field on motion of electrons in simulations with con-
stant Bgmi /m, is thus similar, which gives the observed rela-
tionship between the distributions at different mass ratios.
The results of these simulations have shown that the
addition of a small guide field at realistic mass ratios leads to
a dramatic modification of the reconnection geometry and
the distribution function. As reconnection in the magnetotail
takes place with guide fields in different regimes,®* ~® these
results are relevant to NASA’s upcoming MMS mission,?’
which will be able to resolve the electron diffusion region
and electron distributions. The results also emphasize the im-
portance of the mass ratio in the interpretation of results of
simulations of reconnection with small guide fields.

V. SUMMARY AND CONCLUSION

The electron diffusion region in collisionless reconnec-
tion has been studied using orbit tracing techniques on data
from kinetic simulations of magnetic reconnection. This
technique allows the electron distribution f(x, v) to be eval-
uated at high resolution. In antiparallel reconnection, it has
been shown that the strong inflow electron pressure anisot-
ropy is responsible for the highly structured nature of the
electron distribution in this region, and the origin of the
off-diagonal terms of the pressure tensor has been revealed.

In the case of reconnection with a small guide field, the
structure of the distribution is different from the antiparallel
case, and these differences can be explained by considering
the motion of single particles in the fields. It has also been
shown that the reconnection geometry is sensitive to the
mass ratio when guide fields are present, and this raises ques-
tions about the applicability of the results of low mass ratio
simulations to spacecraft data with similar guide fields.

These results will be particularly relevant to the upcom-
ing MMS mission. The spacecraft will have particle detec-
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tors with extremely high time resolution, allowing them to
resolve the three dimensional structure of the electron distri-
bution in the diffusion region studied here.
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APPENDIX: MODEL FOR ELECTRON ANISOTROPY

The results of this paper make use of a recently derived
model for the electron pressure anisotropy in guide field
reconnection and the inflow region in antiparallel reconnec-
tion.'"® Assuming the electron thermal speed is much larger
than the Alfvén speed vy, > v and the adiabatic invariance
of the magnetic moment y = mvf_ /2B, an expression for the
distribution function can be determined.

Far upstream of reconnection regions in the ambient plasma,
the distribution function f,, of the electrons is assumed to be an
isotropic Maxwellian. Because of the conservation of the mag-
netic moment u, the perpendicular velocity of electrons
approaching the diffusion region decreases as B decreases. At the
same time, electrons moving along a field line gain energy due to
acceleration by parallel electric fields, so that the total energy of
an electron can be written as £ = £ + e®), where £ is the
initial energy and @ is an acceleration potential defined by

D) (x) = J

X

o0

E-dl, (A1)

where the integration is carried out along the magnetic field
lines. Here, it should be emphasized that @ is a pseudo poten-
tial characterizing the minimal energy required for an electron
to escape the region in a straight shot along a field line. It
should not be confused with the electrostatic potential, and
can, in fact, take the opposite sign in certain regions.'***

Using Liouville’s theorem, which states that df/dt=0
along particle trajectories, points in the reconnection region
can be mapped to the ambient plasma, allowing the distribu-
tion to be determined by f(x,V) = foo (Ex ). It is important to
note that particles can be divided into two categories—
trapped particles which have almost no initial parallel veloc-
ity and drift into the region, and passing particles, which
reach the region in a single shot along a field line.'”

The distribution function thus takes the form

foo(y/m2c* + @2 — e®))), passing

fx,v) = B
fo B picz + mgc4 , trapped

(A2)

where the energy at infinity is given by its relativistic form
wi.th ©° :pﬁ + o1, P = ymey) and p, = ML Usiqg
this relativistic generalization of the form for f given in
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Ref. 10 was necessary for obtaining the agreement between
the moments of the reconstructed distributions and those
directly taken from the PIC simulations (see Fig. 2).

As shown by Le er al.,'" expressions of the density and
parallel and perpendicular pressures as functions of @) and B
are obtained by taking moments of the distribution function.
By eliminating @, equations of state for the pressure
p|(n,B) and p, (n,B) can be found. The scalings p o n’ /B?
and p; « nB then explain the strong pressure anisotropy in
regions of high density and small magnetic fields.
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