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A particle-in-cell simulation shows that the exhaust during anti-parallel reconnection in the
collisionless regime contains a current sheet extending 100 inertial lengths from the X line. The
current sheet is supported by electron pressure anisotropy near the X line and ion anisotropy
farther downstream. Field-aligned electron currents flowing outside the magnetic separatrices
feed the exhaust current sheet and generate the out-of-plane, or Hall, magnetic field. Existing
models based on different mechanisms for each particle species provide good estimates for the
levels of pressure anisotropy. The ion anisotropy, which is strong enough to reach the firehose
instability threshold, is also important for overall force balance. It reduces the outflow speed of
the plasma. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861871]

I. INTRODUCTION

Magnetic reconnection releases magnetic stress and
energizes plasma in a range of astrophysical and laboratory
environments." A variety of numerical models—including
resistive MHD, Hall-MHD, two-fluid, hybrid, and fully ki-
netic codes—have been used to study how anti-parallel
reconnection occurs.”

Here, we use a particle-in-cell (PIC) simulation run to
late times to assess the structure of the reconnection exhaust
in the collisionless limit, which is the suitable regime for typ-
ical space plasmas. We find that the exhaust contains a cur-
rent sheet extending 100d; from the X line. The current sheet
is composed of two sections: an inner electron layer domi-
nated by electron currents and an outer layer that includes
important ion kinetic effects. The electron current sheet near
the X line is similar to ones observed in a number of previ-
ous simulations.* The electron layer is coupled to the larger
ion current sheet by electron parallel currents that flow along
the outside of the magnetic separatrices. These currents at
the exhaust boundary generate the out-of-plane magnetic
field, the Hall field characteristic of kinetic reconnection.®’
These features are indicated schematically in Fig. 1(b).

For comparison, a sketch of the Petschek model of
reconnection® is included in Fig. 1(a). In the Petschek model,
which is based on resistive MHD with isotropic pressure,
switch-off shocks form outside a small non-ideal region and
are responsible for most of the acceleration and heating of
the plasma. There have been isolated reports of slow shock-
like features observed in the geotail,”'® and the Petschek pic-
ture has been used to interpret observations in the solar
wind.""

The magnetic field geometry and current structures in the
exhaust current sheet of our simulation, however, are not con-
sistent with the Petschek model. One reason the Petschek
model fails here is that the magnetic geometry contains gra-
dients below ion kinetic scales, and the exhaust therefore lies
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outside the scope of MHD. This is believed to be a typical fea-
ture of fast reconnection in collisionless plasmas.'” In the
sharply curved magnetic field lines of the exhaust, ions
undergo bouncing Speiser orbits'*'* that alter the plasma
properties and the current profile.'” It was found in previous
hybrid simulations that ~100d; from the X line the exhaust is
wide enough that the magnetic field gradients are on the order
of an ion gyroradius,'® and generalized MHD-like shock anal-
yses may be more suitable downstream of this region.'”

We focus here on the current sheets that form in the
exhaust within 100d; from the X line. Previous hybrid'>'®
and kinetic'” simulations found peaked current profiles
within the region of ion bouncing orbits. The Speiser and
other types of particle orbits in a reconnection geometry lead
to complex velocity space distributions of both the elec-
trons'® and the ions.'* Nevertheless, we find that most of the
features of the central current sheet in the exhaust may be
associated with one main kinetic effect, namely, the develop-
ment of pressure anisotropy.'”? During magnetospheric
reconnection, pressure anisotropy has been observed in the
electrons and the ions.?'**

Pressure anisotropy reaching the firehose instability
threshold is in fact uniquely capable of supporting very long,
quasi-steady current sheets with a normal component of
magnetic field.”>” Mechanisms for generating anisotropy
with a higher temperature parallel to the magnetic field have
been proposed, and they are different for the electrons®**’
and the ions.*® Furthermore, we find that the ion anisotropy
contributes substantially to momentum balance of the entire
exhaust. The pressure anisotropy is of comparable impor-
tance to the ion inertia, and it reduces the outflow speed of
the plasma.

In the following sections, we describe the features of the
ion and electron current sheets, emphasizing the important
role of pressure anisotropy. The results are organized as fol-
lows: In Sec. II, we present the PIC simulation. Some details
about the electron current sheet are given in Sec. III, and the

© 2014 AIP Publishing LLC
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FIG. 1. Comparison of Petschek model and collisionless reconnection exhaust. (a) Sketch of the reconnection exhaust of the Petschek model. A pair of switch-
off shocks bounds the exhaust outside of a non-ideal diffusion region. (b) Electron and ion current sheets form in the reconnection exhaust of a PIC simulation.
They are supported by pressure anisotropy. In a region near the X line, the electrons are heated by an effective potential due to the parallel electric field as in
Ref. 28. Parallel electron currents just outside the separatrices generate an out-of-plane magnetic field. The ions are heated by a mechanism described in

Ref. 30.

ion current sheet is described in Sec. IV. In these sections,
we review the models for the generation of pressure anisot-
ropy and note how their predictions apply to the structure of
the current sheets. Force balance and a related generalized
Walen condition®' are discussed in Sec. V, followed by the
Summary (Sec. VI).

Il. EXHAUST IN A PIC SIMULATION
OF ANTI-PARALLEL RECONNECTION

Our PIC simulation of reconnection begins from a
Harris equilibrium without guide field. The focus here is on
the structure of the reconnection exhaust well after the
initial onset of tearing. We use a fairly large domain of
400d; x 100d; = 10240 cells x 2560 cells that allows the
exhaust to fully develop without spurious boundary effects,
which are further minimized by employing open boundary con-
ditions appropriate for reconnection.* There are ~10'° numeri-
cal particles of each species. The 2D run uses a coordinate
system with the out-of-plane y direction ignorable and the ini-
tial unperturbed magnetic field given by B, = Botanh(z/d;),
where d; = c¢/w,; is the ion inertial length based on the peak
Harris density n. This simulation used the following parame-
ters: mass ratio m;/m, = 50, initial uniform temperatures satis-
fying T.o/Tio =1, Wpe/Wee =2, and background density
np = 0.5ny. With these parameters the upstream total (ion plus
electron) § = 0.5.

Magnetic field profiles at r = 225/w,; are plotted in
Fig. 2. The magnetic field strength B in Fig. 2(a) remains
quite low in the center of the exhaust where the initial neutral
sheet was located. The reconnecting field component B, in
Fig. 2(b) has a region of high shear at the center of the
exhaust. This shear is produced by the out-of-plane current
J,, plotted in Fig. 3(a), which exhibits a peaked current sheet
that extends over 100d; from the X line in either direction.
This configuration is in contrast to the Petschek model, for
example, in which the reversal of the magnetic field and
hence, the peaks in the out-of-plane current occur in shocks
located near the exhaust boundary. The reconnecting field is
not “switched off” in the exhaust, but rather it gradually
reverses direction with the sharpest change located in the
central current sheet, consistent with previous simulations.'’

The out-of-plane field B, is plotted in Fig. 2(c). It is
called the Hall field” because it is generated by electron cur-
rents that flow when the ions and electrons decouple on small
scales =<d;. In the fully developed reconnection exhaust,
however, the out-of-plane magnetic field is neither confined
to a small region near the X line nor to the vicinity of the
magnetic separatrices. The field B, extends hundreds of d;
and is significant throughout most of the region between the
separatrices and the center of the exhaust. The quadrupolar
structure of the out-of-plane field By, thus, fills an exhaust
region much larger than any length scales typically associ-
ated with Hall physics.

It is mostly x (outflow) directed current that generates
the out-of-plane magnetic field B,. The current density J, is
plotted in Fig. 3(b). The current J, ~ (1/p)0B,/0z is
peaked both along the separatrices and in the center of the
exhaust, producing the steeper gradients in B, at both those
locations. The current along the separatrices is mostly a par-
allel current carried by electrons. The current in the exhaust
center, meanwhile, is largely a perpendicular current

FIG. 2. Magnetic field profiles at time # = 225/w,; in a PIC simulation with
sample in-plane field lines. (a) Magnetic field strength |B|, (b) reconnecting
component B,, (c) out-of-plane field By, and (d) reconnected field B..
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FIG. 3. Current density profiles. (a) Out-of-plane current density current J,
with the electron and ion sections of the current sheet labeled. (b) Outflow
current density J,. Parallel return currents (labeled) flow along the outside of
the separatrices.

supported by electron pressure anisotropy very near the X
line and ion anisotropy out to ~100d;. The details are
described in Secs. III-VI.

lll. ELECTRON CURRENT SHEET

Next, we examine how the currents and exhaust geome-
try are related to the electron and ion dynamics. Near the X
line, there is a sharply peaked electron current sheet ~150d,
long and ~3d, wide that includes jets of electrons streaming
out from the X line near the electron thermal speed. Similar
current sheets have been observed in a number of previous
PIC studies of anti-parallel reconnection.”**? Electron cur-
rent sheets are not limited to the anti-parallel limit, however,
and modified types can become even longer at moderate
guide fields.’>> Most of the features of the electron current
sheet are described by a model derived previously.”” Some
key points and details of this particular simulation are
reviewed below.

The exhaust electron current sheet has been shown to
develop due to electron pressure anisotropy immediately
upstream of the exhaust,'®*’ which allows a flux of perpen-
dicular momentum into the electron jets. The main physical
mechanism responsible for generating the anisotropy is parti-
cle trapping and acceleration by an electric field parallel to
the magnetic field. The effect is parametrized by the acceler-
ation potential (I)H,28’29 which is the maximum energy
acquired from the parallel electric field by an electron
streaming along a magnetic field line. As seen in Fig. 4(a),
the acceleration potential reaches e®; /Teo ~ 2 in the inflow
region, and it typically becomes much larger in low f,
plasmas. Trapping in the potential leads to a characteristic
electron distribution, such as the one plotted in Fig. 4(f),
which is elongated in the parallel (~v,) direction and has
been observed during magnetospheric reconnection.** Note
that within the electron current sheet, the electrons are not
magnetized. Pitch angle mixing then leads to nearly isotropic
flattop distributions®>3° farther downstream, like the one
plotted in Fig. 4(e).

Phys. Plasmas 21, 012103 (2014)

The parallel heating by @ leads to electron temperature
anisotropy with the ratio p,|/p.. peaking at ~2, as shown in
Fig. 4(b). Downstream in the exhaust, on the other hand, the
flattop distributions result in a nearly isotropic electron pres-
sure.’3%37 As seen in previous simulations, the electron
pressure anisotropy supports the jet of out-flowing electrons
near the X line by balancing the J x B force on the cross-
field electron current, which is plotted in Fig. 4(c). In partic-
ular, around the region of sharply curved magnetic field
lines, the magnetic tension BB/, and anisotropic pressure
(Pe|| — Pe L)f)f) approximately balance. The electrons imme-
diately outside the layer of current, thus, approach the fire-
hose instability threshold p,| — p.1 — B?/uy = 0.

While the electron pressure anisotropy determines the
net current in the electron sheet, a fully kinetic treatment is
required to determine the local electron current density pro-
file.'® Meanwhile, in regions where the electrons are magne-
tized, the perpendicular electron flow is approximately

ExB 1

Uy~ — —
B2 neB

B X [VpeJ_ + OjeH _peL)K]’ (1)

where K = b - Vb is the magnetic curvature vector. In gen-
eral, the E X B and pressure gradient contributions to the
divergence of the perpendicular electron flux need not can-
cel, V- nue; # 0. Quasi-steady electron continuity is then

(a) e — )
She— _ |
z/d‘ %* e<I>”/TeU
5 | 1
(b) 2.5

v/

Vv v
X the x the

v/

FIG. 4. An (a) acceleration potential @ induces (b) electron pressure anisot-
1Opy pe|/Per > 1. This sustains (c) a sheet of perpendicular electron current
Je1, whose divergence is canceled by (d) parallel electron currents J,| just
outside the magnetic separatrix. (Currents normalized to Jy = ngevso, where
vao = Bo/+\/Hohom;.) At the points marked by *’s in (a), the reduced electron
distributions f(vy, v.) are (e) a flattop distribution in the exhaust and (f) an
elongated distribution with trapping®® in the inflow.
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FIG. 5. (a) Ion pressure anisotropy with p; /p;. > 1 develops. The magenta
contour indicates where the ions reach the firehose threshold
pi| —PiL — B? /1y = 0. The (b) out-of-plane y and (c) outflow x components
of the perpendicular ion current with the local E x B velocity subtracted,
J,, =nefui, — (E x B)/B?].

maintained by electron return currents flowing parallel to the
magnetic field**~*® such that

V- n(uer +ug) ~ 0. )

The parallel electron current nu, = b - nu, is plotted in Fig.
4(d). Note the peaked parallel current outside the magnetic
separatrices, which consists of electrons flowing towards the
X line to supply the current for the electron jets.

The channel of parallel electron current flowing along
the separatrices generates the out-of-plane magnetic field
component. This so-called Hall field requires the separation
of ion and electron dynamics on small scales.® Including
only the Hall term itself, the magnetic field remains frozen
into the electron flow, which is equivalent to retaining only

Phys. Plasmas 21, 012103 (2014)

the E x B drift in Eq. (1).""2° In the collisionless regime,
however, the anisotropic electron pressure gradients domi-
nate in allowing the strong perpendicular electron current
near the X line.

IV. ION CURRENT SHEET

A surprising result is that the ions support a continuation
of the current sheet. The enhanced current layer in the center
of the reconnection exhaust extends out past 100d; on both
sides of the X line, as visible in Figs. 2(e) and 2(f). This is
several times longer than the electron layer, which falls off
by 25d; (and is typically much shorter in simulations at more
realistic mass ratios’ ’39). In addition, the ion current sheet is
supported by pressure anisotropy in a manner similar to the
electron current sheet, although a different mechanism gen-
erates the anisotropy of each species. The ion pressure ani-
sotropy is plotted in Fig. 5(a), and it reaches p;/pi. ~ 4.
Here, p;, is an average over the two perpendicular direc-
tions, and the ion pressure agyrotropy’ peaks at
2|pitt — piral/(pis1 +pit2) ~ 0.4,

An existing model gives good estimates for the ion pres-
sure anisotropy.>**! The model accounts for two populations
of ions in the exhaust,42 one streaming in from the inflow
region and the other already accelerated in the field reversal
region at the exhaust’s center. Such counter-streaming ion
beams have been observed in association with solar wind
reconnection.*> The two populations of ions are visible in
the reduced ion distribution functions f(vy,v;), which are
summed over the out-of-plane velocity component, in Figs.
6(f) and 6(g). They are computed from the numerical par-
ticles contained in 0.1d; squares centered at the points
marked in Fig. 6(a). The beams in the exhaust are visible
near the separatrices downstream from the X line. The ion
beams are not strongly separated from the bulk ion popula-
tion; with the beam’s drift speed in this case is only around
twice the ion thermal speed.

FIG. 6. (a) Ion pressure anisotropy in
the exhaust. The reduced ion distribu-
tions f(vy, v.) at the locations marked
by *’s are plotted in (b)—(i).
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In the exhaust center beyond the current sheet, the ions
distributions look thermalized [Figs. 6(b) and 6(c)]. As
pointed out in Ref. 16, the ion orbits in this region are cha-
otic because the field line radius of curvature is comparable
to the ion gyroradius.** As a result, pitch angle mixing leads
to a more isotropic distribution. The ion distributions in Figs.
6(d) and 6(e) within the ion current sheet contain counter-
streaming ion beams. These form as a result of the Speiser
bouncing motion of ions across the field reversal near the X
line. It is interesting to note that similar features form in the
electron distributions in the electron diffusion region, where
there is a separation of upward- and downward-moving elec-
tron populations undergoing bouncing orbits.'® Further
details of the ion distributions, including multiple classes of
Speiser ions, have been found in recent numerical work. '

As far as the fluid picture of the reconnection exhaust is
concerned, a main result of the ion kinetic behavior is the de-
velopment of pressure anisotropy with p;; > p;1. Including
contributions from both the ions streaming in from the inflow
and the ions that have already undergone bouncing motion
yields estimates for the ion temperatures>° of

B 1 ,B;

2 P x 27y0

T,-“ ~ m;vy, B—;)7 Tip ~ Em,‘l)o B—}z s (3)
xy Xy

where v = —E, /B: is the velocity of the de Hoffman-Teller
frame, B, is evaluated outside the separatrix, B, is the typi-

cal peak out-of-plane field, and B, = ,/B%, + BZ,. These

estimates agree well with the observed ion temperature,
which increase in the exhaust by AT;‘H /Tip ~ 1 and
AT;, /Ty ~ 0.8. Note that this ion model includes an impor-
tant effect of the out-of-plane magnetic field By, which gen-
erated along the separatrices mainly by parallel electron
currents, and thus couples the electron and ion current
dynamics.

To see that this model applies for the entire duration of
the quasi-steady stage of reconnection, the total ion

Phys. Plasmas 21, 012103 (2014)

temperature T; = (T; + 27;.)/3 is plotted in Fig. 7(b) over
the course of the simulation along the cut 50d; from the X
line. For reference, the reconnection rate E| is plotted in Fig.
7(a). Beyond 7 ~ 100/ w,;, the general features do not depend
on the time slice used, although the peak temperature tapers
off the upstream magnetic flux is depleted. The ion tempera-
ture at the center of the exhaust is plotted in Fig. 7(c). It falls
off as the upstream reconnecting field B> lowers, and the
change in ion temperature AT; is approximately proportional
to the upstream Alfven speed squared v} . The thermaliza-
tion of cold ion beams in an Alfvenic outflow is one model
consistent with this correlation.

The ion pressure anisotropy produced by the picking up
and mixing of ion beams is strong enough to reach (and
exceed) the firehose instability threshold, p;j —pi1 — B?/
Uo = 0. The magenta contour in Fig. 5(a) shows where the
ion firehose condition is met. As mentioned in Sec. III, this
threshold is also the criterion for the formation of an
extended current sheet, and the ion pressure anisotropy sup-
ports a sheet of perpendicular current. The out-of-plane (y)
and outflow (x) components of the ion perpendicular current
in the local E x B frame are plotted in Figs. 5(b) and 5(c).
Note that for the positively charged ions, this flow is oppo-
site the ambient exhaust velocity, and the ion pressure ani-
sotropy therefore reduces the ion bulk outflow speed. This is
opposed to the electron jets near the X line, which flow out
faster than the local E x B speed.

While the ion current sheet is supported by pressure ani-
sotropy like the electron sheet, there are some notable differ-
ences. The peak ion current density is =10 weaker than the
peak electron current density near the X line. This is in part
because the ion sheet is ~2d; wide, which is several times
wider than the electron sheet. Additionally, in the external
plasma rest frame, the electron current density is of a similar
magnitude to the ion current density. In contrast, the electron
current sheet near the X line is carried almost entirely by the
electrons. In addition to pressure gradient-supported currents,

(a)
0.1}

®) 0l

{ <E>Byv
y 0 a0

E FIG. 7.(a) Reconnection rate

1.8 (Ey)/Bovgo over time, where (E,) is an

average over a square ~3d; wide cen-
tered on the X line. (b) Ion temperature
(Ty +2T;1)/3 along the cut 50d; to

the left of the X line over the course of
the simulation. (c¢) The ion temperature
T; and electron temperature T, at

the center of the exhaust along with

the upstream Alfven speed squared
based on the reconnecting field v,
= B}/ uonmi.
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a substantial portion of the electron current in the ion-scale
layer is induced by E x B electron drifts on small scales over
which the ions are unmagnetized.

V. FORCE BALANCE AND THE GENERALIZED WALEN
CONDITION

Here, we examine how pressure anisotropy fits into
force balance in the reconnection exhaust. For force balance
across the exhaust in the z direction, gradients in z dominate,
and

d B?
a 27 ~o. 4
2\ T o 4)

This implies that the exhaust settles into a near-equilibrium
such that the total pressure p, + B%/2u, is approximately
uniform across any cut. The example cut of Fig. 8 through
the exhaust is used to plot the main contributions to pressure
balance in Fig. 9. The magnetic field strength gradually dips
in the exhaust, and the magnetic pressure B /2y, (blue line)
decreases. This is compensated by the plasma perpendicular
pressure p; = p;; + pe.1 to yield a roughly uniform total
pressure (red line).

Given that force balance across the exhaust current fol-
lows essentially from a 1D MHD-like condition, it is

-10 -5 0 5 10
x/di

FIG. 8. Magnetic field and current density profiles along a vertical cut 50d;
from the X line (cuts marked in Fig. 5). Vertical dashed lines mark the mag-
netic separatrices.

Phys. Plasmas 21, 012103 (2014)

0.4 T — T — T

0.2

2/hp2
B /2B0

2 2
B2+ HOPL)IBO

2 2
: (B +ugp, — Hop /By
—02 1 1 . 1 I 1
-10 -5 0 5 10
z/di

FIG. 9. (a) Pressure balance across the current sheet. Magnetic pressure
B2 /2y, pressure B?/2u, + p1, and tension p| — p, — B?/p, along a verti-
cal cut 50d; from the X line. The firechose threshold is reached where the
total tension (green) dips below zero.

reasonable to explore whether a similar treatment accounts
for force balance in the outflow (x) direction. The 1D MHD
conservation equations yield the set of Rankine-Hugoniot
shock jump conditions,*>*® which in turn provide predictions
for the reconnection exhaust in shock-based models such as
the one of Petschek® and its modification when pressure ani-
sotropy is included.'” For example, a jump condition analy-
sis results in the Walen relation, which predicts the
following relationship between the magnetic field and

plasma flow:*’
szi,/@{g—ﬂ} )
tolp  pol’

where the upstream pressure has been assumed isotropic.
This holds for a discontinuity with an inflow speed equal to
an upstream Alfvenic speed u. ~ B./,/liop, based on the
normal magnetic field component, and it applies to rotational
discontinuities and the switch-off shocks of the Petschek
model.

In Fig. 10(a), the Walen relation prediction (red) for the
ion outflow is compared to the direct PIC result (blue) along
the cut used in Fig. 8. The same quantities are plotted for the
out-of-plane direction in Fig. 10(b). While the Walen condi-
tion gives a rough estimate for the outflow speed in the
reconnection exhaust, it is not satisfied very precisely. This
is similar to observational data from a survey of magneto-
pause measurements, where the typical outflow speed was
overestimated by the Walen condition by nearly a factor of
two.*®

As noted above, the shock analysis is not expected to
hold in this kinetic regime, where gradient scales in the
exhaust are shorter than the ion gyroradius and an MHD
shock transition would be roughly on the same scale as the
exhaust itself.*” A generalized Walen relation was pro-
posed®! to handle cases like this where the ions are not mag-
netized and the plasma may carry large currents. The basic
result (which follows from Eqgs. (16) and (18) of Ref. 31) for
a proton-electron plasma is that the electron flow, rather than
the center of mass flow, should follow the Walen relation as
stated in Eq. (5). The electron drifts are plotted in Fig. 10.
Unlike the ions, the electrons continue to be nearly frozen
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FIG. 10. The Walen relation (red) provides a good estimate for the electron
flow (green) but it overestimates the ion flow (blue) by around a factor of 2.
Near the separatrices (located at vertical dashed lines) and in a narrow chan-
nel at the exhaust’s center, the electron Walen relation fails due to electron
agyrotropy and other kinetic effects.

into the magnetic field, and their flow therefore rotates with
the magnetic field. The predicted electron flow matches very
well with the simulation results. The only substantial devia-
tions of the electron flow from the Walen relation occur near
the separatrices and in a narrow section at the exhaust’s cen-
ter, where the electrons are known to become agyrotropic,*

(a)
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reaching a maximum agyrotropy of 2|p..11 — pei2|/(Per1 +
Pe12) ~ 0.1 at the center of the cut. The generalized Walen
condition thus provides one diagnostic that may be useful in
studying the exhaust current sheet in observational data.

Because a simple 1D analysis fails to quantify the various
contributions to momentum balance in the outflow direction,
we resort to calculating them directly from the simulation for
a section of the exhaust bounded by the magnetic separatrix
and a cutoff 100d; from the X line [region marked in
Fig. 11(a)]. In a quasi-steady state, the net x momentum flux
T across the boundary must be zero, where the flux T is

B? B>\ - -
T = nm;u;u; + (pl —|——)I+ <p| —pL ——)bb + IT.
21 Ho
(6)

Electron inertia has been neglected, and I represents the non-
gyrotropic part of the plasma pressure tensor. The contribu-
tions from the magnetic tension BB/, magnetic pressure
B2 /2, plasma perpendicular pressure p, , anisotropic pres-
sure p| — py, and ion inertia nm;u;u; are plotted in Fig. 11
over the course of the simulation until time t = 175/w,;. Note
that because the separatrix is along the magnetic field, the
magnetic  tension and pressure anisotropy (P —pL—
B?/1,)bb only contribute along the boundary’s vertical cut-
off at x = —100d;. The general results that follow are not
sensitive to the choice of cut-off as long as it lies in the ion
current sheet, or roughly 40 to 110d; from the X line.
In Fig. 11, we consider x (outflow) momentum balance

0~ ff(f; T - n)dl. (7

After an initial transient phase, the current sheet reaches a
quasi-steady state in which the relative contributions to mo-
mentum balance plotted in Fig. 11(b) are roughly constant in

150 -100 -50 0
(b)

uix/VAO
-1 FIG. 11.(a) The magenta contour
bounds a region bordered by the mag-
X/di netic separatrix and extending 100d;
from the X line at time ¢ * @, = 225.
(b) The leading contributions to the
loop integral for integrated x force bal-
_ ance over time.
P|=P,
nuixuix
Py
B2
BB

50 100 150
t*Q

ci

200
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time. The largest term is the magnetic tension BB/, which
is the magnetic force driving reconnection. This force accel-
erates the plasma exhaust, and a large portion goes into the
momentum flux carried by the plasma outflow nm;u,u;.
Meanwhile, a similar (and in this case even slightly greater)
portion of the magnetic tension force is balanced by the ani-
sotropic pressure (p| —p L)BB, which is predominantly ion
anisotropy at the 100d; cut-off.

In other words, the ion pressure anisotropy cancels
around half of the magnetic tension force driving the outflow
of plasma, thereby reducing the plasma exhaust speed. The
pressure anisotropy therefore plays a large role in regulating
the net flow of exhaust plasma.

VI. SUMMARY

A large PIC simulation of anti-parallel reconnection run
to a late stage with open boundary conditions demonstrates
the formation of electron and ion current sheets in the recon-
nection exhaust. The electron and ion structures are coupled
by electron return currents that flow outside the separatrices
along the magnetic field and generate the out-of-plane mag-
netic field. Recent simulations show that in 3D systems the
electron current layers are unstable and break apart into fila-
ments or flux ropes, leading to turbulent dynamics.’® It is an
open question whether the ion-scale current sheets are simi-
larly susceptible to secondary instabilities that could lead to
larger-scale turbulence over longer time scales in natural
reconnection events.

The current sheets are supported by pressure anisotropy,
an important feature in the dynamics of collisionless plas-
mas. The long, nearly steady current sheets require pressure
anisotropy that approaches the firehose instability threshold.
While the electron and ion current sheets are both supported
by pressure anisotropy, the anisotropy is generated by differ-
ent mechanisms for each species. The electrons are trapped
and heated by a parallel electric field in the inflow region
near the X line. In the anti-parallel case examined here, the
electrons pitch angle mix in the weak magnetic field near the
X line, and the exhaust distributions become nearly isotropic
flattop distributions. The ions, on the other hand, form beams
as they are picked up by the reconnection exhaust. This pro-
cess generates pressure anisotropy throughout the exhaust.

Besides supporting a current sheet near the field rever-
sal, the ion pressure anisotropy is important for the overall
momentum balance of the exhaust. The pressure anisotropy
balances a portion of the magnetic tension that accelerates
the outflow. Based on the model for ion heating, which
involves ion beams drifting at nearly the Alfven speed, the
importance of ion pressure anisotropy should be comparable
to that of the ion inertia in a broad range of regimes.

Finally, in the region of the exhaust containing the ion
current sheet, the gradient length scales are too small for
MHD shock conditions to be applied. The Walen relation,
for example, overestimates the outflow speed of the ions.
Meanwhile, a generalized Walen condition holds to a good
approximation for the electrons across a large portion of
the exhaust, suggesting that the electron Walen condition
will be a useful tool when coupled with magnetic field and

Phys. Plasmas 21, 012103 (2014)

high-resolution electron measurements of collisionless

reconnection in space.
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