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Characterizing lon Flows Across a Magnetotail
Dipolarization Jet

H. Arnold’"2’, M. Swisdak'">’, and J. F. Drake'’

TIREAP, University of Maryland, College Park, MD, USA

Abstract The structure of dipolarization jets with finite width in the dawn-dusk direction relevant to
magnetic reconnection in the Earth’s magnetotail is explored with particle-in-cell simulations. We carry

out Riemann simulations of the evolution of the jet in the dawn-dusk, north-south plane to investigate the
dependence of the jet structure on the jet width in the dawn-dusk direction. We find that the magnetic field
and Earth-directed ion flow structure depend on the dawn-dusk width. A reversal in the usual Hall magnetic
field near the center of the current sheet on the duskside of larger jets is observed. For small widths, the
maximum velocity of the earthward flow is significantly reduced below the theoretical limit of the upstream
Alfvén speed. However, the ion flow speed approaches this limit once the width exceeds the ion Larmor
radius based on the normal magnetic field, B,

Plain Language Summary Magnetic reconnection is a phenomenon occurring in the Earth’s
magnetotail in which energy stored in the magnetic field is converted into kinetic energy. This process
creates a high-speed dipolarization jet of plasma. However, the physical dimension of these jets in the
dawn-dusk direction is not well constrained. We study how the structure of dipolarization jets depends on
their width in the dawn-dusk direction and find that both the shape of the magnetic field and the profile
of the ion outflow speed across the jet vary as a function of the jet width. In particular, the maximum ion
outflow can fall well short of the theoretically expected outflow speed for small widths. Our results can be
used by satellites to determine their positions relative to observed dipolarization jets and place limits on the
jet widths.

1. Introduction

Magnetic reconnection is a common phenomenon in the Earth’s magnetotail, solar flares, coronal mass
ejections, and sawtooth crashes in tokamaks; as such, it is a subject of active research. When two oppo-
sitely directed field lines reconnect, energy stored in the magnetic field is transferred to particle energy
(Angelopoulos et al., 2008). The particles are accelerated by the tension in the reconnected field lines in two
oppositely directed jets away from the x-line, the location where the reconnecting component of the field
vanishes. In the case of the magnetotail, reconnection causes one jet to move earthward and the other to
be directed tailward. While it has been shown that the Alfvén speed is the maximum speed to which these
dipolarization jets can accelerate flows (Parker, 1957), it is unclear how the extent of the jet in the dawn-dusk
direction affects this result.

Reconnection begins at the x-line, and many studies have examined the ion and electron dissipation regions
centered around it. We focus farther downstream on the structure of the dipolarization jet. Previous 2-D
simulations (e.g., Sitnov & Swisdak, 2011; Wu & Shay, 2012) have frequently focused on the x-z plane [in
Geocentric Solar Magnetospheric coordinates (GSM)] and have examined the snowplow-like behavior of the
dipolarization front as it sweeps up plasma during its earthward motion. Such simulations implicitly assume
that the dipolarization jet has infinite extent in the y direction. Performing fully 3-D simulations lifts this
restriction. Several authors have recently performed such simulations (Drake et al., 2014; Pritchett, 2015;
Pritchett et al., 2014; Sitnov et al.,, 2014, 2017). Generally speaking, they find that the full dimensionality
allows for more complicated dynamics and the self-consistent development of fine-scale structure in the
dawn-dusk direction that results from the development of strong flows associated with interchange dynam-
ics. These interchange-driven flows are sensitive to the initial tail equilibrium and specifically the profile of
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the north-south magnetic field B, in the downtail direction. That such interchange-driven flows dominate the
magnetotail dynamics has not been established with detailed comparisons with observations.

To avoid the uncertainties associated with the cross-tail jet structure, Drake et al. (2014) studied a
three-dimensional Riemann-like system in which the cross-tail width of the jet was specified as an initial con-
dition. They found that the bulk kinetic energy of the jet was dissipated at the jet front as a result of the
reflection of ions off the front, bending the front in the dusk direction. Alternatively, a current blocking mech-
anism was implemented by Pritchett (2015) to explore the development of large-scale, reconnection-driven
jets of various cross-tail widths. These 3-D simulations also revealed reconnection jets that are extended in
the x direction but with very strong deflection of the fronts of the jets in the duskward direction. Thus, the
results of 3-D particle-in-cell (PIC) simulations have not yet converged on a uniform picture of how large-scale,
reconnection-driven jets in the magnetotail develop.

In the 3-D simulations of Drake et al. (2014) the core of the jet, well away from the front (in the x direction), was
fairly laminar with minimal variation in the x direction. This suggests that simulations in a two-dimensional
plane (north-south and dawn-dusk) could serve as a useful model for exploring the structure of the body of
the jet (for a full explanation of why such a 2-D simulation is a reasonable approach; see the supporting infor-
mation). In the present manuscript we use such simulations to explore dependence of the structure of the
core of magnetotail magnetic reconnection jets (away from the jet front) on their finite extent in the cross-tail
direction and, in particular, how this determines the profile of the earthward directed ion flow and the struc-
ture of the Hall magnetic fields in the cross-tail direction. To be clear, we are not addressing the physics of
reconnection onset in the magnetotail and the mechanisms that control the finite extent (in y) of these jets
nor are we attempting to model the entire magnetotail. Thus, we initialize B, (and all other quantities) as con-
stants with respect to x and not decreasing with distance from Earth, as would be appropriate in a global
simulation of the full magnetotail. The jet width in the cross-tail direction is specified as an initial condition
(Drake et al., 2014). The current blocking method (Pritchett, 2015) is an alternative approach for controlling
the cross-tail width of the jet and the dipolarization front. In our approach we are not concerned with how
reconnection proceeds but focus instead on the cross-tail structure of the jet core. The goal is to establish
signatures associated with the finite cross-tail jet structure that could be compared with the observations.
Finally, we emphasize that the structure of the jet core is important because this is where most of the mag-
netic energy released during reconnection drives the ion bulk flow and ion thermal heating, which dominate
the energetics of reconnection in the magnetotail (Eastwood et al., 2013).

During reconnection in the magnetotail, ions are accelerated toward the Earth and down the tail by the newly
reconnected magnetic fields. To accelerate up to the Alfvén speed, they first move in the cross-tail direction,
the direction of the reconnection electric field, before they turn toward or away from the Earth. It is not a
surprise, therefore, that in very narrow jets the ions are unable to gain enough energy to reach the Alfvén
speed. In this manuscript we quantify the relation between the peak ion earthward flow and the cross-tail
width of the jet.

That the finite cross-tail width of the jet can impact the Hall magnetic field is more surprising. It is well known
from theory, simulations, and observations that Hall magnetic fields are produced near the x-line (Mandt et al.,
1994; Jieroset et al.,, 2001; Sonnerup, 1979). These fields arise because they are primarily frozen-in to the
electrons inside of the ion diffusion region. Thus, the electrons, which are carrying the current in the current
sheet, enter the ion diffusion region and push on the fields, bending the reconnection magnetic field into the
out-of-plane direction. Simulations indicate that these Hall fields are carried far downstream, ~100 d;, from
the x-line (Le et al.,, 2010, 2014; Shay et al., 2011), especially away from the center of the current sheet. We find
that the Hall fields reverse inside of the current sheet for large widths in the dawn-dusk direction. However,
these fields do return to the expected orientation away from the current sheet. This effect is due to the ions
from the current sheet pushing on the field lines in the opposite direction of the electrons.

2. Simulations

We use the PIC code p3d (Zeiler et al,, 2002). The magnetic field strength B, and density n, define the Alfvén

speed V, = /B2 /4xm;n,, with lengths normalized to the ion inertial length d; = ¢/ wpir
plasma frequency and times to the ion cyclotron time ng . Electric fields and temperatures are normalized to

V,B,/cand m,Vj, respectively. The coordinate system for all simulations is geocentric solar magnetospheric.

where @, is the ion
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The initial conditions for the simulations are intended to mimic those of a dipolarization jet and are similar
to Riemann simulations such as Scholer and Lottermoser (1998) in that we have no x-line in our domain. We
start with a classical Harris current sheet with an asymptotic magnetic field B,, central density n,, and uni-
form background density n, = 0.3n,. To this equilibrium, we add a region of B, = 0.2B, exp[—(y/w)8], where
w is the width. We choose to raise the exponent to the eighth power to localize the jet in the dawn-dusk (y)
direction. The corresponding plasma density has a y dependence of n = n, + ng(1 — exp[—(y/w)]). Thus,
the density in the jet is roughly the lobe density, n,, and outside it is the typical Harris current sheet density,
n = n, + n,. The intent is to depict late-time tail reconnection in which the jet is formed from heated lobe
plasma. Hence, in the region with B, nonzero, the field is nonzero at the symmetry (equatorial) plane. In order
to maintain pressure balance, we modify the electron and ion temperatures in the jet. The asymptotic tem-
peratures, in code units, are 1/12 and 5/12 for the electrons and ions, respectively. The ion-to-electron mass
ratio is set to 25, which is sufficient to separate the electron and ion scales. The current is determined from
Ampére’s law with no displacement current and is divided between ions and electrons in proportion to their
temperatures in all regions. All the forces are balanced in the y and z directions, but there is an unbalanced
force in the x direction due to a non zero B,d,B, term in the fluid momentum equation. This force acceler-
ates the plasma toward the Earth in the magnetotail. Following initialization, the system adjusts and reaches
a quasi-steady configuration as in a conventional Riemann model.

We perform quasi-two-dimensional (quasi-2-D) simulations with two full spatial dimensions (y and z). The
addition of a small spatial extent in x reduces particle noise once the simulation data are averaged over all
cellsin the x direction. Note that no organized structure develops along x and that periodicity in this direction
guarantees that the boundary conditions along x do not introduce any spurious numerical artifacts. These
simulations allow us to explore the late-time, cross-tail structure of jets of various widths. Typical simulation
dimensions are (x,y,z) = (3.2, 102.4,102.4)d,. We also compare the results of our 2-D simulation with a full
3-Dsimulation with (x, y, z) = (102.4, 25.6, 25.6)d;, which has already been discussed in Drake et al. (2014). The
spatial grid has a resolution A = 0.05, while the smallest physical scale is the Debye length in the magneto-
tail, #0.03. We use 100 particles per cell per species for the simulations with a small extent in x. The simulation
with a larger extent in x uses 50 particles per cell. In all simulations the speed of light is ¢ = 15 and we employ
periodic boundary conditions in all directions, which is a standard approach in simulations of magnetic recon-
nection. (Note that periodicity in z actually requires us to simulate two mirror-image current sheets. We stop
the simulation before the two current sheets begin to interact and only present results from one. Both sheets
undergo very similar evolution.) The widths, w, we examine are as follows: ~ 1d,, ~ 2d,, ~ 3d,, ~ 4d;, ~ 7d,,
~ 15d,, ~ 30d,, and infinite (occupying the full space along y). For a full comparison between the quasi-2-D
simulations and the full 3-D version see the supporting information.

3. Presentation and Analysis of Simulation Results

3.1. Reversal of the Hall Field

As a result of the system’s evolution, the Hall magnetic field (8,) on the dusk edge of the jet reverses sign
from its usual direction, especially for jets with a large width. Figure 1 is an image of the total current in the
x direction for the simulation with the largest finite width dipolarization jet, w ~ 30d,. Overlaid are arrows
showing the in-plane ion flows and magnetic field lines in shades of green. For clarity, additional figures can
be found in Text S1 in the supporting information. The current layer can be identified by the ions flowing
duskward (-2 < z/d; < 2). The electrons (not shown) primarily flow dawnward within the current sheet. The
ends of the field lines are evenly distributed along the bottom of the jet in z and are followed until they leave
the area depicted in Figure 1. Below the 2-D image is a cut through the center of the current sheet of the ion
current in the y direction.

On the dawn (left) side of the jet the electrons carry the magnetic field to the left and produce the usual sign
of the Hall magnetic field B, (negative below the center of the current sheet and positive above). The small
dimple on the extreme dawn edge is likely due to ions carrying the field toward the dusk.

On the dusk (right) side of the jet, however, B, reverses sign compared with the usual Hall magnetic field, as
is visible above and below the center of the current sheet in Figure 1. Early in this simulation (not shown) the
field is initially dragged dawnward by the electrons before reversing, indicating that even with some initial
Hall field of the standard sign, the ions will still reverse the direction by late times. The reversal, in this case,
arises due to ions pushing on the field as a result of the vortex pair that forms just duskward of the jet and is
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Figure 1. (a) The x component of the total current in the y-z plane at ;yt = 40 for a dipolarization jet of width ~ 30d;.
Plotted in black arrows are ion flow vectors with the length proportional to the magnitude of the velocity. The in-plane
magpnetic field lines in the jet are displayed in green, with darker shades indicating a stronger magnetic field. (b) A cut of
the total ion current in the y direction through the center of the current sheet (z/d; = 0).

observed to begin around Q;t ~ 20. The vortex pair consists of two adjacent vortices that are centered just
above and below the current layer. Their vorticities have opposite signs so their flows add at the center of the
current layer. The resulting strong duskward ion flow near the center of the current sheet carries the field lines
toward the dusk, while the return (dawnward) ion flow above and below the current sheet carries the field
lines toward the dawn. The result is a reversal in the Hall field just above and below the center of the current
sheet with the sign of B, taking the usual values further away from the current sheet.

We now discuss the mechanism for the development of the vortex pair. In the initial state the ions flow uni-
formly across the domain toward the dusk. The imposed B, diverts the flowing ions toward the Earth, which
slows their duskward flow. The flowing ions outside of the jet on the duskside continue to flow toward the
dusk and try to fill in this depletion by turning back toward the jet, thereby forming the two vortices evident in
Figure 1a. The reduction of the ion current shown in the cut along the middle of the current layer in Figure 1b
over the interval 20 < y/d; < 40results from the diversion of the ion flow away from the current layer as seen
in the velocity vectors of Figure 1a.

The ions in the jet contribute to closing these ion vortices. As time progresses, the tension in the reconnected
magnetic field (in the z-x plane) drives the plasma flow in the positive x (earthward) direction. This motion
causes ions in the lobes to move toward the current sheet and produces the converging flows (toward z = 0)
seen on the duskward edge of the jet. Upon entering the current sheet, the ions move in Speiser-like orbits
and rotate first into the positive y direction before completing their Speiser motion into earthward flow. Their
motion in the duskward direction as they rotate in the current layer contributes to the enhancement in J;,
seen around y/d; ~ 15 in Figure 1b. This high-speed ion flow carries the magnetic field duskward and drives
the reversed Hall field seen in the data.

An organized reversal in the Hall magnetic field has not been seen even in large-scale 2-D reconnection simu-
lations (carried out in the x-z plane; Le et al., 2010, 2014; Shay et al., 2011) although firehose-driven turbulence
in the jet can produce local reversals of B, (Hietala et al., 2015). An important question then is whether these
earlier results are consistent with the Hall field reversal seen in the present simulations with the largest jet
width. Since nearly all of the ions in dipolarization jets originate upstream in the lobes, they carry little cross-tail
momentum as they enter the jet and total momentum conservation in the cross-tail direction means that they
will not gain a significant net flow in the cross-tail direction (Liu et al.,, 2012). It is therefore the electrons that
carry most of the cross-tail current in 2-D reconnection simulations. An infinite width jet would, of course, not
produce the vortex shown in Figure 1a since 9, = 0. Thus, we would not expect the Hall field to reverse for
jets with infinite extent in the cross-tail direction. To confirm this, we performed a separate simulation with an
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Figure 2. The x component of the ion velocity (black) and the z component of the magnetic field (red) from three runs
at Q;ot = 40 along a cut taken at z = 0. Panels (b) and (c) also include the local E x B velocity in the x direction (green).
Finally vquiq (blue), described in the text, is plotted for panel (c). (a) The smallest jet, width ~ 1d;, (b) a medium-sized jet,
width ~ 15d;, and (c) the largest finite jet, width ~ 30d;. The images only show a portion of the full simulated space.
Note that the smallest jet has significantly increased in width at late times, but that there is a corresponding decrease in
the magnetic field to compensate. For this reason the E x B velocity is too noisy to be seen, and thus, we have omitted it
from this figure.

infinite jet with only the electrons carrying the initial current. At late times there was a nonzero duskward flow
of ions, but it was significantly smaller than the ion flow depicted in Figure 1 and was unable to reverse the
Hall field. This result is consistent with past 2-D reconnection simulations that did not see a reversal of the Hall
field. Additionally, a reduction in the ion outflow speed of ~60% was observed. This is due to regions of the
jet being firehose unstable as explained in Liu et al. (2012) and Haggerty et al. (2018). Our simulations with a
finite width also include this effect; however, the reversal of the Hall field plays an important role in boosting
the outflow speed as explained in the next section.

3.2. The Dependence of the Earthward Directed Flow on Cross-Tail Width

Figure 2 shows the earthward directed ion flow velocity in black through the center of the current sheet (z/d; =
0) for jets with widths of ~ 1d,, ~ 15d,, and ~ 30d,. For clarity, the magnetic field profile is also shown in red.
For Figures 2b and 2c the local E x B drift velocity is also plotted in green (we neglect this for Figure 2a since
it is too noisy) as well as a quantity v;,4 described below for Figure 2c. Though not shown, the reconnection
electricfield £, = V4B, follows the profile of V,,; because B, is nearly constant within the jet. Figure 2c clearly
shows the four phases of the ion outflow along the cross-tail direction, y. First, the ions enter the dawnward
side of the jet with no flow in the x direction. Second, upon entering the jet, the ions accelerate along the
reconnection electric field £, which increases with distance into the jet, and rotate into the x or E x B drift
direction. Third, these ions continue to drift duskward due to the curvature of the magnetic field and mix with
ions from the lobes to form an earthward flow at the upstream Alfvén speed. In the fourth phase the ions
have drifted out of the jet and retain their x directed motion since they are moving along the unreconnected
magnetic field B,. Outside of the jet, the ions mix with the background population so that the outflow speed
slowly decays with increasing distance from the jet. Note that, although only the simulation shown in Figure 2c
with w = 30d, is sufficiently large enough to exhibit the plateau, all three simulations produce an earthward
directed, magnetic-field-aligned beam of ions in a region with B, = 0.

To understand the scale length of the region where the ions are accelerating, consider that the ion outflow
speed plateaus at the upstream Alfvén speed. Thus, we can make the following scaling argument starting
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with the steady state ion conservation of momentum equation for a 2-D system (d, = 0) atz = O:

C B, B
~ mnv,; -2 z X

BZ
mnv,;0,v,; ~% —0,B i~
L, 4r A

y U xi 4ﬂ'ZX

M

where C, is the upstream Alfvén speed, L, is the acceleration length scale, A is the half width of the current
sheet, and v,; = 0 due to the symmetry of the configuration. We neglect the divergence of the pressure since
it is smaller than the magnetic tension in the region of interest. Next, since the ions carry most of the current
on their entry into the jet, we can approximate v, from Ampére’s law on the dawnside of the jet:

4z
asz = anvyi ~ BX/A (2)

Then, plugging v, into equation (1), solving for L, and normalizing to code units, we obtain:

n, B
L,/di~q] == 3
/i n, B,’ (3)

where n, is the upstream ion density. For our simulation, n, /n, ~ 0.3 and B, /B, ~ 5 giving L, /d; ~ 10, which
is in agreement with Figure 2c and explains why Figure 2b, which only has a width of approximately 10d;, has
no plateau.

While the E x B drift describes the motion of the ions for medium sized and smaller jets (e.g., Figure 2b), it falls
short of accurately depicting the ion motion for larger jets after they plateau in speed. Thus, it is of interest to
evaluate whether the particle motion within a dipolarization jet can be described by the usual guiding center
drifts. A quantitative test comes from evaluating the « parameter of Blichner and Zelenyi (1989). Defined as
& = \/Ruin/Pmax Where R . is the minimum radius of curvature and p,,, is a particle’s maximum Larmor
radius. Values greater than unity are associated with well-behaved trajectories (i.e., well described by drifts).
For our simulations we find « for the ions to be < 1 within the jets. Thus, we cannot expect the guiding center
drifts to accurately describe the observed flows seen in Figure 2. Nevertheless, the underlying physics driving
the drifts (curvature of the magnetic field, magnetic field gradients, etc.) will still influence the particle flows.

Although there is some agreement between the E x B drift and the ion flow, there must be additional physics
at work in the region where they diverge (e.g., for =5 < y/d; < 10 in Figure 2c). By manipulating the ion
momentum equation perpendicular to the magnetic field and neglecting the ion inertia terms, we can write:

C C
Veig = gz EX B+ anB?

BxV-P, @
where vp 4 is the velocity of the ion fluid perpendicular to the magnetic field and is the sum of the E X B drift
and the pressure tensor effects. We have plotted this quantity in Figure 2¢, and it matches the observed flow
as expected. Note that we did not plot this quantity for Figures 2a and 2b since it closely matches the E x B
drift. To understand if this is a result of a diamagnetic like drift, v,, we calculated the trace of the pressure
tensor, P,,.., and found that the following quantity is negligible:

v, = -qn—cmvpt,ace x B (5)
alikely source for the nonzero divergence of the pressure tensor. Recall from Figure 1 that the Hall field reverses
around y/d; ~ —3 creating field lines bent duskward. This is also where the ion flow diverges from the E x B
driftindicating that the curvature of the magnetic field boosts the ion flow in the x direction. Direct calculation
of the curvature drift leads to ion flow velocities significantly larger than observed (although of the correct
sign). However, because k < 1, the particle orbits are not well described by drifts superimposed on circular
Larmor orbits and agreement should not be expected.

It should be noted that although the jet in Figure 2b has a width ~2 times greater than that of Figure 2a at the
time shown, the jet widths at t = 0 differ by a factor of ~15. The widening of the jet in Figure 2ais accompanied
by a drop in B,, so that the integrated magnetic flux is constant. Once the simulation begins, the electrons,
as the less massive species, interact with the fields first. The electrons in the region inside of the jet initially
have a large velocity in the dawn direction and a low density compared to the electrons in the current sheet
outside of the jet. Hence, the electrons in the jet carry the magnetic flux B, in the jet toward the dawn, while
the electrons entering the jet from the dusk carry the flux with a lower velocity. The resulting divergence of

ARNOLD ET AL.

CHARACTERIZING ION FLOWS ACROSS A MAGNETOTAIL DIPOLARIZATION JET 6331



At

—d . .
100 Journal of Geophysical Research: Space Physics 10.1029/2018JA025604

1.5 —

* ]

<<( .

= 1.0 —

. ]

£ ]

g ]

0.5 —

0.0 I I I |

15 20 25
width/d,

Figure 3. The x component of the maximum ion flow velocity inside the jet versus the width. The linear fit shown in this
figure (solid) was calculated from the first four data points. Widths greater than the local Larmor radius (dashed), ~ 5d;,
are no longer linear.

the cross-tail electron flow spreads the flux as seen in Figure 2a and leads to a buildup of magnetic flux on the
dawn (left) side for larger jets. This effect leads to the smallest initial-width jet achieving a width comparable
to the medium sized jet (Figures 2a and 2b).

3.3. Maximum lon Flow Dependence on Jet Width

It is well known that the ion flow in a dipolarization jet can be accelerated to the upstream Alfvén speed in a
jet that has infinite cross-tail width. For the case of a finite width jet we have shown that there is a transition
between the nearly zero ion flow outside of the jet on the dawnside and where the flow reaches the maximum
outflow speed. An ion in the current sheet enters a region of nonzero B, and E, from the dawnside and gains
an E x B drift in the x direction. It is reasonable to expect that jets with a width less than the ion Larmor radius
in the magnetic field, B,, would be unable to fully accelerate the ions to this maximum speed since they would
leave the jet before completing a full orbit. In our simulations the ions have a local Larmor radius of ~ 5d;
(due to B,) in the center of the jet. We start from equation (1). Since the jet widths are short, the ion velocity v,
inside the jetis nearly unchanged from that outside so v,; is again given in equation (2). The resulting equation
for v,; is as follows:

" €9,B, '\ vy o B, 0,8, ~ mn B, v N BZBX’ ©)
4znq ) oy 4 4znqA ) dy 4z A

where A is the half width of the current sheet. The equation can be integrated to obtain the increase in v,;
with distance inside of the jet. However, the integral is complicated by the fact that B, spreads in time as
shown in Figure 2. Fortunately, the total magnetic flux associated with B, is a constant and is given by B,yw,
where B, is the initial value of B,. Completing the integral, we obtain the maximum ion flow speed inside the
dipolarization jet v,; ...... In normalized code units the result is given by

vxi,max B

~

LO
VA B X

I=

- (7)

1

Q.

Taking values from the simulations for B,(= 0.2), and B,(= 1), we arrive at a slope of 0.2 for v,; ..., /V, versus
w/d,. Figure 3 shows the relationship between the maximum outflow velocity and the width w. A linear fit to
the first few data points gives a slope of ~0.12, which differs by less than a factor of 2 from our simple model.
At larger widths, the jet velocity approaches the upstream Alfvén speed with increasing w. The simulation
results begin to deviate from the linear relationship for the simulation with w = 7d;, suggesting that other
physical effects become important around this length scale. This is expected since the data from w = 4d,
and w = 7d, bracket the local ion Larmor radius of 5d; in the jet (i.e., bracket the length scale at which we
expect our model to break down). For w well above ~ 5d; the maximum v, then approaches the upstream
Alfvén speed, ~1.8 V,. Figure 3 clearly shows the strong dependence of the speed of the flow on the width
of the jet.
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4, Conclusion

We use quasi-2-D PIC simulations to analyze the structure of the ion outflow and magnetic field on the
dawn-dusk width of a dipolarization jet. For large, finite widths there is a significant reversal in the Hall mag-
netic field on the duskside of the jet. This reversal, which should be detectable by spacecraft observations,
results from the interaction of duskward moving ions with the magnetic field and results in the generation of
ay component of the magnetic field. The reversal happens approximately, where the x component of the ion
flow reaches a maximum inside the jet and is supported by vortices above and below the current sheet that
extend outside of the jet on the duskside. The reversal of the Hall magnetic field does not appear for jets that
have infinite extent in the cross-tail direction, which is consistent with simulations of symmetric reconnec-
tion that reveal Hall magnetic fields of the normal sign far downstream from the x-line (Le et al., 2010, 2014;
Shay et al.,, 2011) and simulations that do not show any coherent behavior near the current sheet (Hietala
etal,, 2015). The bent field lines shown in our simulations are due to the ions moving with high velocity in the
dusk direction bending the magnetic field B, into the cross-tail direction. This behavior does not appear in
2-D models of reconnection because the ions initially in the current sheet, and which carry large momentum
in the cross-tail direction, are swept downstream in a plasmoid (Arzner & Scholer, 2001) leaving only a popu-
lation of ions from the lobes inside the jet. These ions are unable to interact with the current sheet and form
a flow with a high enough cross-tail speed to reverse the Hall field.

In addition, we were able to demonstrate that there is a strong dependence of the maximum earthward flow
on the width of a dipolarization jet in the dawn-dusk direction. For jets smaller than the local Larmor radius in
the reconnected magnetic field B, there is a linear relationship between the width of the jet and the maximum
ion outflow velocity inside the jet. At larger widths, the maximum ion outflow velocity then approaches the
upstream Alfvén speed. A scaling argument in support of this linear relationship suggests that the slope only
depends on the ratio of B, to the upstream B,.

The results of this paper could be used to establish the relative positions of satellites with respect to a dipo-
larization jet as well as placing limits on the cross-tail width of the jet. If the ion flow in the x direction is faster
than the local E x B drift, especially in the presence of a reversal in the usual Hall field, the satellite must be on
the duskside of the jet and the width must be larger than the scale length L, /d; = 1/ny/n,,(8,/B,). Alterna-
tively, if an ion flow in the x direction is observed without a finite B,, that would indicate a position duskward
of a dipolarization jet. A measured jet outflow velocity well below the upstream Alfvén speed and with B, # 0
would suggest that the satellite is on the dawnward side of the jet or that the jet has a very small cross-tail
width compared with the effective scale length L, /d; = /no/n,(B,/B,).
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