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Strong electron pressure anisotropy has been observed upstream of electron diffusion regions
during reconnection in the Earth’s magnetotail and kinetic simulations. For collisionless anti-parallel
reconnection, we find that the anisotropy drives the electron current in the electron diffusion region,
and that this current is insensitive to the reconnection electric field. Reconstruction of the electron
distribution function within this region at enhanced resolutions reveals its highly structured nature
and the mechanism by which the pressure anisotropy sets the structure of the region.

Magnetic reconnection involves a change in topology
of the field lines in a plasma, and is thought to play a vi-
tal role in a number of plasma processes, including solar
flares, sawtooth crashes in tokamaks [1], magnetic sub-
storms in the Earth’s magnetosphere and coronal mass
ejections. One area of particular interest is the elec-
tron diffusion region, where the electron motion decou-
ples from the magnetic field lines, which is necessary for
reconnection to occur.

The structure of the electron diffusion region has been
studied intensely [2]. In particular, for anti-parallel re-
connection, kinetic simulations show that the diffusion
region is characterized by a narrow extended layer con-
taining electron jets. Here we show how the jets in the
layer are driven by electron pressure anisotropy, p| > p.,
immediately upstream of the layer rendering the total
current in the layer insensitive to the reconnection elec-
tric field Fyee. This mechanism (not included in standard
fluid models) is likely to be effective in the Earth’s mag-
netotail, where strong electron pressure anisotropy has
been observed by spacecraft upstream of electron diffu-
sion regions [3-5].

We start out by giving a numerical proof that the cur-
rent in the layer is insensitive to E,... Next we solve Liou-
ville’s theorem (df /dt = 0) in the field geometry of a ki-
netic simulation using an analytic form of the anisotropic
f as the upstream boundary condition. We thereby re-
construct the full electron distribution inside the layer at
a resolution that reveals its highly structured form for
the first time. The analysis uncovers the mechanism by
which the electron jets are generated by the upstream
anisotropy, driving the current in the layer. Our results
are thus relevant to NASA’s upcoming MMS mission,
designed to study the electron scale structure of recon-
nection regions in the Earth’s magnetotail.

For the numerical test, which shows that the net cur-
rent in the layer is insensitive to the force exerted by Eyec,
we use the fully kinetic particle-in-cell (PIC) simulation
described in Ref. [6]. It is translationally symmetric in
the y-direction and has a total domain of 2560 x 2560 cells
= 400d, x 400d., where d. = ¢/wp, is the electron iner-

tial skin depth. The initial state is a Harris sheet char-
acterized by the following parameters: m;/m. = 400,
T;/Te =5, wpe/wee = 2, background density = 0.3ny and
vne/c = 0.2. The code tracks roughly 2 x 109 particles
and uses open boundary conditions for the particles and
fields. Magnetic reconnection develops from a small ini-
tial perturbation. We define our coordinate system with
the z-axis along the outflow direction, z-axis along the
inflow and y-axis into the page. Hence, E,.. here equals
E, evaluated at the x-line.

The kinetic simulation is first run in its usual mode up
to the time #€); = 70 where the reconnection layer is fully
developed. After this time, we modify the simulation
scheme as follows: an external force in the y-direction
is added on the electrons in a small box around the x-
line of dimension 40d, x 3d., as shown in Fig. 1(a). The
magnitude of this force is equal to the local value of e£,.
In the first simulation the sign of the external force is such
that it cancels F/, component of the Lorentz force, while
in the second the sign is reversed such that it doubles
the force on the electrons from E,. All other aspects of
the simulation scheme remain the same and Maxwell’s
equations are at all times solved self consistently.

With the force of F, deactivated, a widening of the
electron layer by ~ 0.5d. is observed and the mean cur-
rent density at the x-line drops by 26%. Meanwhile, dou-
bling the force of E, narrows the current layer by ~ 0.5d.
and leads to an increase in the mean current density by
11%. We find that while the current profile J,, varies with
the electric field, illustrated in Figs. 1(b) and (c), changes
in thickness of the layer ensure that the total out-of-plane
current through it remains constant. This is documented
further in Figs. 1(d) and (e), where we show the integral
of the current density, which (neglecting ion currents) is
equivalent to B,, with the integration constant chosen
so that it is equal to zero at z = 200d.. On exiting the
layer (£4d.), the integrated current is the same in the
simulations with and without the modifications to E,,.
This is consistent with the results described in Ref. [7],
which showed that momentum balance of the electron
layer requires that just upstream of the layer the plasma
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FIG. 1. (color) (a) Out of plane current density J, in original
simulation. The box shows the region where the effect of Ej
is modified. Profile of current density at selected times before
and during period with (b) no Ey and (c) doubled E,. Electric
field is modified within the shaded region. Integration of J,
across the layer for (d) no E, and (e) doubled E, normalized
to zero at z = 200d.. Red lines show values from original
simulation, blue lines show values with modified E,. Note
that once the interval is extended far enough, the total current
is approximately equal to the original current.

is marginally stable with respect to an electron firehose
instability, B® = p; —p1. This sets the amplitude of the
integrated current independent of Fyec.

We now proceed to study the internal kinetic prop-
erties of the layer and how it is driven by the pressure
anisotropy upstream of the layer. In this simulation, with
with background density = 0.23ng and vype/c = 0.17, the
x-line is at = 206.25d, for the time slice considered. In
Fig. 2 we show @, B, log(p|/pL) and J,. Here the
acceleration potential e®| (x) = ¢ [°E-dl (with the in-
tegration carried out along the magnetic field lines) is a
pseudo potential characterizing the minimal energy re-
quired for an electron to escape the region in a straight
shot along a field line. It develops to regulate the elec-
tron density and maintain quasi neutrality while being
the source of the pressure anisotropy [8, 9]. Close to the
layer, e®| /T¢ reaches a maximum value of ~ 7 while the
ratio p /pL reaches ~ 9.

To study the structure of the electron distribution
function in the inner layer we make use of a recently
derived analytical approximation for the electron distri-
bution upstream of the layer [9]
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where f, the distribution in the ambient plasma, is as-
sumed isotropic, and the trapped passing boundary is

x/d
e

LT

FIG. 2. (color) Time slice from an open-boundary PIC sim-
ulation of anti-parallel reconnection. (a) Acceleration poten-
tial e®| /Te. (b) Magnetic field strength B. (c) Pressure ratio
logyo (py/pL). (d) Out of plane current density J,. (e) Com-
parison of p; and p, from PIC and equations of state for a
cut across the x-line. (f) Contours of f with e®/T. = 4.6,
B/Bos = 0.3 superimposed over particle data from the inflow
of the PIC simulation.

described by £ — e®| — uBo, = 0. The use of this form
of the inflow distribution is further justified in Ref. [7].
We also note the good agreement between the equations
of state of Ref. [8] (derived from Eq. 1) and the data
taken from the PIC simulation up to the point where the
magnetic moment breaks down as an adiabatic invariant
(Fig. 2(e)). The form of Eq. 1 evaluated at a point in the
inflow region is illustrated in Fig. 2(f), and shows good
agreement with the simulation particle data.

We can reconstruct the internal distribution f (x,v)
at a higher resolution than is available from the particle
data from the run by using the fields of the simulation
to calculate orbits from a given starting location. By
applying initial velocities on an arbitrarily fine grid and
following the orbits backwards in time until they reach
the region in which Eq. 1 is valid, f can be determined
through the use of Liouville’s theorem (df /dt = 0 along
particle trajectories). The reconstructed value, f(x,Vv),
for each point on the grid is obtained directly from Eq. 1
using the values of £, u and ®| determined at the se-
lected point in the inflow region. Examples of such or-
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FIG. 3. (color) Plots of distribution function along a cut at
r = 206.25d. and corresponding moments. Velocity units
are in terms of c¢. (a) Distribution function averaged over
YUg, YUy and yv, where 7y is the Lorentz factor. (b) Electron
orbits from x-line with 0, 1 and 2 reflections. Color plot is
in-plane electric field E,, with contours of in-plane projection
of magnetic field lines.

bits are depicted in Fig. 3(e) in which the x’s mark
the points at which we evaluate the source distribution
function at 5d. upstream of the layer where agreement
between Eq. 1 and PIC simulation is good. The large in-
ward pointing F, shown regulates the entry of electrons
into the layer, controlling the density within it (thereby
maintaining quasi neutrality).

The resulting distribution from a cut across the layer
close to the x-line is shown in Fig. 3(a) where the col-
ored plots show the averaged values over v, v, and v,
respectively. Within the layer, the distribution is highly
structured, and we observe a phase space hole in v, [10],
splitting the distribution into two somewhat triangular
portions which extend to large values of v,. Also ob-
served are a number of striations, most noticeable in the
v4-vy plane. Moving outside the layer, the separation in
v, and extension in v, decrease, eventually becoming the
elongated distribution characteristic of the inflow region.

A more detailed 3-dimensional view of the recon-
structed distribution function at locations around the x-
line, is shown in Figs. 4(a)-(e). As mentioned earlier, the
two main portions of the distribution (v, < 0 and v, > 0)

are further divided into numerous striations. Tracing
of orbits reveals that each striation is characterized by
the number of times the electrons are reflected in the z-
direction within the layer before reaching the point of in-
terest, with larger |v,| corresponding to a larger number
of reflections. Such trajectories with 0, 1 and 2 reflections
are shown in Fig. 3(e).

To explain the form of the individual striations it is im-
portant to note that just upstream of the layer f(vj,v.)
is only large if %mvf_ < T.B/By and %mvﬁ < e®) where
T.B/Bs < e®. We can thus obtain the center of the
various striations by injecting electrons parallel to the
outside magnetic field (v, = 0), with %mvﬁ <ed). As
the tip of each striation consists of the highest energy
electrons the length of the striations is approximately
determined by the acceleration potential ®.

The different parts of the distribution correspond to
electrons originating from the four quadrants in the x-z
plane. By considering their trajectories, it is clear that
those with positive 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(e) contributes to the third striation
in the bottom-right of the distribution. The entry angle
/(vy,vg) of the parallel streaming electrons is similar to
/(By, B;) at the entry position. This entry angle and
the v, B, magnetic forces, which help turn parts of the
entry v, into the y-direction, control the angle between
the striations of f in the v,-v, plane and varies discrete
with the number of reflections. From here, it can be seen
how the inflow anisotropy drives the current, as the large
parallel steaming velocity of the electrons upstream of
the layer gets turned into the y-direction by the entry
angle and by the magnetic forces. Finally, the narrow
“tip” of the distribution with high number of reflections
is due to the longer time this limited class of electrons
are accelerated by E,.

For comparison, we present particle data taken directly
from the PIC simulation in Figs. 4(f, g). This confirms
the general form of the reconstructed distribution, and
illustrates a key advantage of the orbit tracing method,
in that the resolution we can achieve in both space and
velocity space is much higher due to our ability to se-
lect as many velocity points as necessary (here we used
200%). Vlasov codes for reconnection solve directly for f
with little noise and may be a desirable tool for further
exploration of the fine scale structures uncovered here.

The structure of the distribution also 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,
balancing the electric field
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FIG. 4. Electron distribution within neutral sheet. (a) Isosur-
face of the distribution at x-line. The different colors corre-
spond to the number of times the electrons are reflected in the
layer. (b), (c) Isosurfaces of the distribution at Az = +0.33d.
above and below x-line at (z,z) = (206.25,200). The red re-
gion lies in v, > 0, the blue in v, < 0. Note the relative
displacement in v, of the red and blue surfaces as z increases,
causing a gradient in Py.. (d), (e) Isosurfaces of the distribu-
tion at Az = +5d. to the left and right of the x-line. Rotation
of the distribution along the layer causes the gradient in P, .
(f), (g) vs-vy distribution of particles taken from PIC simu-
lation at Az = £5d..

where the frozen in condition E+v x B = 0 is broken by
electron meandering motion [11, 12]. These terms arise
from the small changes in the distribution function be-
tween different positions. In Figs. 4(b, ¢) (and Fig. 3(a)),
moving from below to above x-line, we observe that the
v, < 0 portion of the distribution begins slightly dis-
placed in the negative v, direction relative to the v, >0
portion and ends slightly displaced in the positive v, di-
rection, giving rise to a gradient in P,,. The gradient
in the P, term arises from the rotation of the distribu-
tion in the v.-v, plane as one moves along x, which is
shown in Figs. 4(d, e). For the present simulations we

find that OF,,/0x is most important for balancing F,
as its magnitude depends most strongly on the force as-
sociated with F,, whereas the magnitude of 0P,./0z is
generic to the layer, insensitive to F,.

To summarize, we have shown how the inflow elec-
tron pressure anisotropy is responsible for the structure
of the electron diffusion region in anti-parallel reconnec-
tion, and that the current integrated across the layer is
insensitive to the reconnection electric field. The incom-
ing electrons into the layer stream along field lines with
little perpendicular velocity. Their entry location deter-
mines their initial velocity in the out-of-plane y-direction
and depending on the number of bounces in the layer, v,
is further increased by magnetic force turning part of the
initial v, into the y-direction. This yields highly struc-
tured and striated electron distributions uncovered here
for the first time. The reconnection electric field, E is
responsible for more subtle structures in f, important for
momentum balance at the x-line.
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