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Abstract The structure of magnetic reconnection-driven outflows and their dissipation are explored
with 3-D particle-in-cell simulations. Outflow jets resulting from 3-D reconnection with a finite length
x-line form fronts as they propagate into the downstream medium. A large pressure increase ahead of this
“reconnection jet front” (RJF) due to reflected ions slows the front so that its velocity is well below that of the
ambient ions in the core of the jet. As a result, the RJF slows and diverts the high-speed flow into the
direction perpendicular to the reconnection plane. The RJF therefore acts as a thermalization site for the
ion bulk flow and contributes significantly to the dissipation of magnetic energy during reconnection even
though the outflow jet is subsonic. This behavior has no counterpart in 2-D reconnection. A simple analytic
model predicts the front velocity and the fraction of the ion bulk flow energy that is dissipated.

Magnetic reconnection is the dominant mechanism for dissipating magnetic energy in large-scale plasma
systems and is the driver of explosive events such as flares in astrophysical systems and flow bursts in

the Earth’s magnetosphere. Most of the energy released during reconnection takes place not at the x-line
but downstream in the exhaust where newly reconnected field lines relax their magnetic tension. In the
MHD description the Petschek shocks that bound the exhaust both drive the Alfvénic exhaust and heat
the upstream plasma entering the exhaust [Petschek, 1964; Lin and Lee, 1995]. In the nearly collisionless
environment of many systems, while the exhaust outflow is close to the MHD prediction [Sonnerup et al.,
1981], the exhaust heating results from counterstreaming ions [Hoshino et al., 1998; Gosling et al., 2005]
rather than Petschek shocks. The kinetic energy of the bulk flow driven during reconnection is a substantial
fraction of the released magnetic energy, and in natural systems this energy is ultimately dissipated. How-
ever, the dominant processes that control the dissipation of these flows and their universality have not yet
been established.

During solar flares the termination shock that has been observed at the low-altitude edge of coronal recon-
nection exhausts [Masuda et al., 1994] is a possible mechanism for the dissipation of the energy in the bulk
flow. Supra-arcade downflows (SADs) [McKenzie and Hudson, 1999], which are believed to be driven by
reconnection, are observed to slow during their downward trajectory toward the solar surface. In the Earth’s
magnetotail a key observational discovery was the formation of narrow boundary layers or fronts at the
interface of the high-speed reconnection jets and the essentially stationary ambient plasma downstream.
At the front the amplitude of the magnetic field normal to the initial current layer (B, in the magnetotail)
increases abruptly [Ohtani et al., 2004; Runov et al., 2009, 2011a]. Initially, such fronts (dubbed “dipolar-
ization fronts”) were believed to result from the slowing of the reconnection outflow as it impacted the
strong dipole field of the Earth, similar to coronal termination shocks. However, the measured propagation
of these fronts over large distances both earthward and tailward of the reconnection site [Ohtani et al.,
2004; Angelopoulos et al., 2013] is strong evidence that these fronts are generically associated with the
development of reconnection in natural systems and are not specific to the geometry of a particular system.

The role that reconnection jet fronts (RJFs) play is, however, unclear. It has been suggested that RJFs may
be important sites for energy dissipation [Hoshino et al., 2001; Runov et al., 2011b; Angelopoulos et al., 2013].
A number of 2-D reconnection simulations (corresponding to an infinite length x-line) have been carried
out to explore the structure of RJFs [Sitnov et al., 2009; Wu and Shay, 2012]. On the other hand, it is unlikely
that reconnection in physical systems is 2-D since reconnection very likely onsets in a spatially localized
region. Flow bursts and associated RJFs in the magnetotail are localized in the cross-tail (y) direction with

DRAKE ET AL.

©2014. American Geophysical Union. All Rights Reserved. 3710


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2014GL060249

@AG U Geophysical Research Letters 10.1002/2014GL060249

0.0

the dissipation region where field lines

&
T I A

(d>:§2 *®change topology, we explore the dynam-

5 15 >*  ics with the Riemann approach [Lin and

= 10 oz Lee, 1995]. Consistent with the observa-
-5 ! tions, we study how the reconnection

(@) p5e .. characteristic scales of several Earth radii
-20F = W.. R:[Angelopoulos et al., 1997; Nakamura
T 7 — * !03 et al., 2004] and therefore correspond
T oop “I.? tofinite length x-lines. SADs have simi-
~E 3| oo larly been interpreted as resulting from
(6) s E ~ Wos reconnection with finite length x-lines
—20¢ = B¢ [Linton and Longcope, 2006; Cassak et al.,
i :12 : - : Zz 2013]. We show that the structure of the
g 2 1']>"  exhaust and its dissipation depends
(©) s : 3 :: critically on its 3-D structure.
-20 o4 Since we are focusing on the structure of
< ::z P— >> the reconnection outflows and the asso-
o1 ciated RJF and not on the structure of
100!!

outflow develops in a 3-D model with a
x/d, finite x-line by imposing a spatially local-
ized region of reconnected flux B, on top

=20 —40 -60 -80

Figure 1. From the PIC simulation plots of B, in the x-y plane at the

center of the current sheet (z = 0)at (@)t = 0, (b) t = 129(—/,1, and of a Harris current sheet. A particle-in-cell
(@t = 249;.1. (d) A similar plot from an MHD simulation with nearly (PIC) model is used so that the collision-
identical initial conditions at the same time as in Figure 1c. less dissipation of reconnection-driven

flows can be studied. The system is
initially in pressure balance, but the curvature forces that drive reconnection are not balanced by any other
forces and drive the outflow.

We explore a system periodic in three directions: with x-z the plane of reconnection and the reconnection
outflow along x. Superimposed on a double Harris current layer B, (z) with a half width of 2.0d; (with d; the
ion inertial length) is a region of uniform magnetic flux B,(x, y) that is localized with a width of 8.0d; in the
x-y plane as shown in Figure 1a. There is no ambient guide field. The density in the region of B, # 0 is equal
to the background density n, of the Harris system. The electron and ion temperatures are adjusted so that
the total pressure is balanced with T; /T, = 5, which is typical for the magnetosphere. Required currents are
carried by both species, in proportionality to their temperature. Unbalanced forces associated with mag-
netic tension will drive the plasma in the region of B, # 0 to the left in Figure 1a. The motion of the plasma
in the second current sheet is essentially identical but in the opposite direction is and not discussed further.
The results of our PIC simulations are presented in normalized units: the magnetic field to the asymptotic
value B, of the Harris reversed field, the density to the value at the center of the current sheet minus n, =0.3,
velocities to the Alfvén speed ¢, lengths to d;, times to the inverse ion cyclotron frequency Q;.‘, and temper-
atures to m;c2. The computational domain is 102.4d; X 25.6d; X 25.6d;. Other parameters of the simulations
are a mass ratio m;/m, =25, which is sufficient to separate the dynamics of the two species [Hesse et al.,
1999], and speed of light c = 15c¢,.

Shown in Figure 1is B, in the center of the current sheet (z=0) at (a) t =0, (b) t=12Q_", and (c) t =24Q".
The outflow carries the flux B, to the left propelled by the unbalanced magnetic curvature forces that drive
reconnection. The electron and ion flows in the x-y plane at t = 309;’.1 are shown in Figures 2a-2d. Both
species flow to the left in the core of the jet as expected. The strong electron flows at the boundaries of the
jet produce a counterclockwise current loop that is the dominant source of the magnetic field B, shown in
Figure 1. A surprise in this data is the strong positive ion flow just below the main flow in a region where
B, ~ 0, and there is therefore no curvature. The reason for this flow is discussed later. In the core of the
flow jet the flux B, is carried upward in Figure 1, which is in the electron drift direction (Figure 2c), and is
compressed at the upper edge. In contrast, the left edge of the jet turns downward, which is in the ion
drift direction (Figure 2d). Similar turning in the ion drift direction was seen in 3-D PIC simulations of inter-
change turbulence in the magnetotail [Pritchett and Coroniti, 2013]. The downward motion of electrons at
the front of the jet in Figure 2c, which is opposite to their drift in the initial current layer, is due to an E X B
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Figure 2. Asin Figure 1 att = 30526".1 plots of (@) Vey, (b) Vi, (€) Vey, (d) vy, (€) Ey, (F) Pies (9) Tixxr (h) Te, @and (i) the ion
heating rate J; - E.
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drift from an electric field E, directed to the
right (Figure 2e). For ions this drift adds to
their ambient downward flow (Figure 2d).
The asymmetry of the structure of the jet in
the y direction is contrasted with the results
of an MHD simulation with nearly identi-
cal initial conditions in which the jet forms
a symmetrical structure in the x-y plane
(Figure 1d). These MHD flows are similar
A ] to those from earlier 3-D MHD simulations
PO B of plasma interchange-driven flows in the
| magnetotail [Bim et al, 2004]. The direc-

w R S L N tion and magnitude of the deflections of the
front will likely depend on the width of the

x/d initial Harris current layer, which controls

Figure 3. Cuts of the ion density n; (solid), v;, (dashed), and B, the magnitude of the initial ion drift speed.

(dotted) along x at z = 0 and y = —11.3d; at the same time as in A broader initial current layer will lead to
Figure 2.

deflections in both directions, closer to that
seen in the MHD model. Note also that the
net displacement along x in the present simulations is far smaller than seen in the satellite data, which is a
limitation of the size of the simulation.

In Figure 3 are cuts of the ion density (solid), B, (dotted), and the ion velocity v, (dashed) versus x in the
center of the current sheetat t = 249;.1 . The density drops sharply across the front and into the jet although
the density minimum of around 0.7 is well above the initial condition of 0.3. B, rises sharply across the front
and exhibits the distinctive dip and overshoot that are often seen in the observations [Ohtani et al., 2004;
Runov et al., 2009]. The overshoot results from local compression at the front, which produces a similar peak
in the density. The region of negative B, ahead of the front can also be seen as the white region in Figure 1c
in the interval —35d; < x < —25d; and —9d, > y > —13d;. The mechanism for this reversal in B, appears to be
similar to the self-generation of magnetic fields in the Weibel instability and will be discussed more fully in a
separate publication.

The ion velocity rises gradually ahead of the front as in observations and reaches a plateau around 0.8c,,
which is well below that expected based on the upstream Alfvén speed (1.8¢c,). The velocity v; of the front is
around 0.46¢, and is calculated by stacking cuts of B, versus x at several times (Figure 4). The reduced veloc-
ity of the front compared with that of the core of the jet results from the buildup of ion pressure ahead of
the front shown in Figure 2f. The increase in pressure is largest at the top corner of the front and serves to
both slow the jet and deflect it downward. Such pressure enhancements have been documented in satellite
measurements [Liu et al., 2013]. The pressure increase is a consequence of the reflection of ions in the cur-
rent sheet off of the head of the front, which has also been documented in satellite observations [Zhou et al.,
2010] and discussed in 2-D reconnection models [Wu and Shay, 2012]. The penetration of high-velocity ions
in the jet through the front also con-
tributes to the pressure increase. Both
classes of particles can be seen to the left
of the front in the x — v, phase space in
Figure 5a, which is from the center of the
current sheet withy=-11.8d; and t =
20Q7". The cut of B, in Figure 5b shows
the location of the front. As expected,
the reflected ions have a velocity close to
¢, Which is around twice v;. In Figure 2g
6 is the ion temperature T, corresponding
x/d; to the pressure in Figure 2f. The increase
in ion temperature associated with the

Figure 4. A stack of cuts of B, along x at z = 0 and y = —11.3d; sepa- . T .
rated by time intervals of 2Q_" starting from t = 0. The velocity of the reflected ions is evident. The rate of ion
front calculated from the peaks of B, is 0.46¢,. heating J; - Eis shown in Figure 2i. lon
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(a) heating peaks at the front, at the
lower boundary of the exhaust
and in turbulent fluctuations in a
% broad region ahead of the front. The
S source of these fluctuations has not

been explored.

The mechanism that produces the
enhanced ion temperature below
(b) 0.6 ‘ ‘ ‘ ‘ the jet and to the right of the front is
also responsible for the strong left-
ward directed flow in the same region
shown earlier in Figure 2b. lons mov-
ing to the left in the core of the jet
also drift downward (Figure 2d) and
‘ ‘ ‘ ‘ eventually exit the region of strong B,
-20 -39 —40 _s0 into the adjacent stationary plasma.
x/d; These ions continue to flow to the left
through the stationary background
ions. The resulting counterstream-
ing ion velocity distributions in this
region where B, ~ 0 have a net drift
to the left (Figure 2b) and produce an
effective T, as seen in Figure 2g. A cut along x at y = —10d; (not shown) reveals a localized peak in B, at the
front but with a flow to the left that remains large well to the right of the front where B, ~ 0. Such behavior
has been documented in THEMIS spacecraft magnetotail observations [Runov et al., 2011b]. In contrast with
the ions, we have measured no significant increase in the electron temperature at the front (Figure 2h) in
spite of the intense electron current in the x-y plane that produces the rather complex magnetic structure

B./Bo

Figure 5. In (a) the ion phase space v, — x in the center of the current
sheetaty = —11.3d;and t = 209;1. In (b) a cut of B, at the same time
and location.

B, in Figure 1.

Before further addressing the properties of the front, we emphasize that this sharp boundary is not a shock.
First, in the upstream region to the right of the front the fast-mode phase speed based on the total plasma
and magnetic pressure is around 1.0c, while the flow speed of the jet is around 0.8¢,, so the upstream Mach
number is less than unity. Further, if the front were a shock, the flow through the shock would carry the
flux B, across the shock into the downstream region, which is not seen in the simulation data. Nevertheless,
while the front is not a shock, that the velocity in the core of the flow burst is substantially higher than that
of the front has important implications for understanding the dissipation of reconnection driven flows. The
plasma within the jet eventually catches up to the front where it is compressed and deflected with reduced
velocity downward in Figure 2d. The consequence is that the integrated volume of plasma behind the flow
burst (measured by the reduction in the size of the nonzero B, region) decreases with time. This can be seen
in Figures 1b and 1c. The integrated magnetic flux B, in the jet is decreasing with time and the correspond-
ing flux convecting downward is increasing (Figure 1). Thus, the front is more than simply the front edge of
the jet. Rather, it is the site for conversion of flow energy into ion thermal energy and much of the plasma
that makes up the jet will be directly processed within the front.

A simple analytic calculation illustrates how the reduction in flow energy takes place. We consider a simple
2-D system in the x-y plane in which the plasma in the current sheet (density n.) interacts with the plasma
in the jet (density n,). The front and jet velocities are v, and v,, respectively, while the current sheet ions
are at rest. For simplicity, we ignore the ambient drift along y, which adds complexity to the calculation
but does not change the final result. In the frame of the front, ions in the current sheet that move with a
velocity —v; along x are reflected by the magnetic boundary and leave the front with a velocity v;. The jet
ions have an incident velocity v, — v and are deflected into the y direction with their speed unchanged.
Force balance at the front, neglecting the residual magnetic stress, yields 2nc5vf = n,(v, — vp)?, which
can be solved for the front velocity v = Rv, /(1 + R) whereR = \/TZnCS. In the frame of the front, nei-
ther the current sheet nor the jet ions change energy. In the simulation frame, however, there is a transfer
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of energy from the jet ions to the current sheet ions. The change in energy AW = W, — W, of the jet ions
is given by
Mm

1 R
AW = Em,nb (V? + (Vb - V'r)2 - Vg) = —ZW,m

with W, = m,nbvg/z. This energy loss corresponds to the energy gain of the current sheet ions. Thus, the
fraction of energy conversion is linked to the density ratio between the jet and current sheet ions. In

the limit of n, /n., — 0 there is no energy conversion. For a typical value n,/n. =0.2 [Runov et al., 2009] the
fraction of energy conversion is 0.37 according to this simple model. The model, of course, greatly simplifies
a very complex system. The model prediction of the front velocity in the simulation is 0.3c, compared with
the measured value of 0.46c,.

Finally, we emphasize that neither the deflection of the jet into the y direction nor the reduced velocity of
the front compared with the jet have can take place in a 2-D reconnection model. In a 2-D model therefore,
the core of the jet does not cycle through the front as in the 3-D model. Estimates of the front velocity based
on multispacecraft THEMIS observations have been presented [Runov et al., 2011a], but a direct comparison
with the velocity of the core of the jet has not been carried out. This comparison would be facilitated if a
local measure of the velocity of the front from single-spacecraft data could be obtained. From the simulation
we have evaluated the local E x B velocity at the peak of B,. At t = 30Q_" this velocity is 0.47c,, which is
quite close to the value of 0.46¢, deduced from the stack of plots in Figure 4. The local ion velocity v,, at the
peak of B, is also close to but somewhat higher than the front velocity.

The overshoot in B, seen in many observations of RJF encounters in the magnetotail is already evidence

of the pileup of the jet plasma at the front, but direct comparisons of the front velocity with that of the
core of the jet are necessary to test the ideas presented here. While the focus of the present paper is on
reconnection-driven jets, jets driven by the magnetized Rayleigh-Taylor instability [Birn et al., 2004] or other
mechanisms might also exhibit similar deflections and associated dissipation of bulk flow energy.
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