
Magnetic Reconnection in the Magnetotail: Onset
Mechanisms and Structure of Exhaust Jets in 3D

P. L. Pritchett - UCLA

•  Onset Problem in Presence of Finite Normal Bz

•  3D Structuring of Exhaust (Dipolarization) Fronts



Reconnection Onset in Presence of Bz

• Usual Reconnection Configuration: Harris Current sheet; 
   not directly applicable to magnetotail due to Bz.

•  Electron Tearing Instability: not viable since cyclotron     
   motion removes electron Landau resonance. 

•  Ion Tearing Instability (Schindler, 1974)?
   •  Unless half width comparable to di, growth rate too    
      small to overcome ion magnetization.
   •  Electron stabilization effect: Either electron adiabaticity
      (Lembège & Pellat, 1982) or simply conservation of Py

      in 2D system (Pellat et al., 1991) ensures that tearing
      mode EM field produces strong compression of 
      electron density. Energy associated with this compres-
      sion exceeds free energy in reversed B configuration.
   •  Condition for electron stabilization: kρen < 1, which is
      satisfied for very small Bz ~ 0.01 - 0.1 nT.

•  Spontaneous tearing instability unlikely to occur in the
   magnetotail.       
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Spontaneous formation of dipolarization fronts and reconnection onset in the magnetotail 
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and Ti ¼ 5Te, we obtain kqez ¼ ð2kw=61=2Þðme=miÞ1=2ð1=!1Þ.
If we use kw ¼ 0:3$ 0:4, the condition kqez > 1 is equiva-
lent to %0:3ðmi=meÞ$1=2 > !1. We see that Fig. 2(c) is quali-
tatively consistent with this prediction; the critical value of
!1, below which the tearing mode grows, for the mass ratio 25
is larger than that for the mass ratio 400.

These results are consistent with the conclusion that the
unstable wave is the electron tearing mode, where the elec-
tron physics causes the instability. Previous studies,11,12 dis-
cussed the ion tearing mode, and Pritchett12 interpreted the
decrease of the growth rate at high mass ratios as the stabili-
zation of the ion tearing mode by electron physics. However,
in that study the dependence of the growth rate on the mass
ratio when kqez > 1 was not considered. We have done two
scaling studies: the first one is on the mass ratio where
kqez > 1 is satisfied for all the growing waves, and the sec-
ond one is on the magnitude of Bz, where we found a drop in
the growth rate when kqez < 1 for different mass ratios. We
thus conclude that in these cases, if there is an instability, it
is the electron tearing mode, not the ion tearing mode.

B. Case II: Spatially varying Bz along z 5 0

Next, we have investigated a case in which Bz is spa-
tially varying and has a hump along z¼ 0. In this magnetic
field configuration, Sitnov and Schindler14 have predicted
recently that the ion tearing instability can grow. To see if
the ion tearing mode grows, we consider the parameter range
kqez ! 1, where the electron tearing mode is suppressed. Fig.
1(b) shows the time evolution of the magnetic field lines (the
top and middle panels), and Bz along z¼ 0 until Xit ¼ 24,
where the mass ratio is 100, !1 ¼ 0:03; !2 ¼ 0:1; a ¼ 2:0,
and x0 ¼ 30w (the location of the peak in Bz). With these pa-
rameters, kqez ! 1 for modes around kw % 0:4. Although the
electron tearing mode is stable, the bottom panel of Fig. 1(b)
shows that instability grows. The peak of the hump is seen to
move leftward (earthward), but the dynamics does not cause
a reduction of Bz to zero or negative values. Therefore, there
is no change of magnetic field-line topology or island forma-
tion, and at this initial stage, the instability cannot be
described as a tearing mode (see the middle panel of Fig.
1(b), at Xit ¼ 24). The top panel of Fig. 3 shows the time
evolution of Bz along z¼ 0 after Xit ¼ 24. The hump of Bz

moves further earthward, with its magnitude increasing
exponentially. At Xit ¼ 42, a late nonlinear stage of the
instability, the Bz field exhibits a negative value behind the
hump. Around that time, the tearing instability starts to
grow. The middle and the bottom panels of Fig. 3 show the
time evolution of the magnetic flux function, and we see that
a magnetic island is formed and ejected tailward.

The time-evolution of the system at this late nonlinear
stage exhibits a complex character that cannot be attributed
to a simple eigenmode. Rather, mode-coupling effects
become very important. Fig. 4(a) displays the growth rate of
each N mode (N is defined in k ¼ 2pN=Lx, where Lx is the
system length in the x direction, Lx ¼ 200w) as a function of
time for the simulation with mi=me ¼ 100. In the early phase
(Xit < 25), the dominant modes are low-N modes (N< 10),
as shown by the red (N¼ 1), magenta (N¼ 7), and purple

(N¼ 9) curves in the figure. These modes start to grow line-
arly after Xit % 10, when the initial transient evolution (due
to the initial perturbation in Ey explained in Sec. II) ends. In
Fig. 4(b), the growth rates of these low-N modes are plotted
as the blue curve with closed circles. These modes are
expected to be unstable because the instability condition k <
!1ð4=wpÞð1þ aÞ2 ¼ 0:34=w (see the discussion in Sitnov
and Schindler,14 where the instability condition by Lembege
and Pellat,5 k < !1ð4=wpÞ, is modified by introducing a
hump of Bz with a 6¼ 0) is satisfied for N< 11.

Higher-N modes (N> 11) are stable during the early
stage (Xit < 25); however, as shown with the blue and the
light blue curves in Fig. 4(a) (N¼ 13 and 14), these modes
become unstable after Xit % 25. This is likely due to mode-
coupling effects, which occur in a large amplitude nonlinear
wave and induce the wave steepening. In Fig. 4(b), the trian-
gles in the blue curve are the modes that are destabilized af-
ter Xit % 25. These modes have larger growth rates than
initially unstable modes (N< 11). After Xit ¼ 35, much
higher-N modes (N> 18) start to grow, and these modes
have much larger growth rates as shown in the blue curve
with squares in Fig. 4(b). These modes (N> 18) make further
steepening of the hump in Bz, as seen in the top panel of Fig.
3. Eventually with the aid of these high-N modes (N> 11),
breaking of the magnetic field lines occurs, and a magnetic
island behind the hump is formed around Xit ¼ 42.

Figure 4(b) shows the dependence of the growth rate c
in three different mass ratios mi=me ¼ 25, 100, and 400. The
curves with circles are initially unstable modes (N< 11), and
they depend weakly on the mass ratio. The growth rates

FIG. 3. (Top) time evolution of Bz along z¼ 0 in Case II (!1 ¼ 0:03;
!2 ¼ 0:1; a ¼ 2:0; mi=me ¼ 100). (Middle and bottom) contours of mag-
netic flux function.
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plasma parameters. Unlike some other studies, we do not
impose an external dawn-dusk electric field Ey in our study.
In Sec. III, we show our simulation results. In Sec. IV, we
conclude with a summary and a discussion of our findings.

II. SIMULATION METHOD

The details of the simulation code are described in
Ref. 17. The simulation domain is in the x-z plane and given
by 0 < x < 200w and !12:5w < z < 12:5w, where w is the
sheet width at x¼ 0. The magnetic field and density in the
initial state have the following forms, and comprise an
approximate solution of the Vlasov equation in a 2D general-
ized Harris sheet with a finite Bz:

Bx ¼ !
B0

g xð Þ
tanh

z

wg xð Þ

! "
; (1)

Bz ¼ wB0
g xð Þ0

g xð Þ
1! z

wg xð Þ
tanh

z

wg xð Þ

! "# $
; (2)

n ¼ n0

g xð Þ2
sech2 z

wg xð Þ

# $
þ nb þ ! x; zð Þ; (3)

where g(x) is a function of x with gð0Þ ¼ 1; gðxÞ0 is
dgðxÞ=dx, nb is the background density (with no drift in the y
direction), and !ðx; zÞ is a function given by

! x; zð Þ ¼
n0g xð Þ02

g xð Þ4
z2sech2 z

wg xð Þ

# $
þ n0w2 g xð Þ00g xð Þ ! g xð Þ02

g xð Þ2

! n0w
g xð Þ00g xð Þ ! 2g xð Þ02

g xð Þ3
z tanh

z

wg xð Þ

# $
; (4)

which is derived by substituting Eqs. (1) and (2) into
Ampere’s law, @Bx=@z! @Bz=@x ¼ ð4pne=cÞðvyi ! vyeÞ. We
use conditions, B2

0=8p¼ n0ðTiþ TeÞ; jvdi! vdej¼ ð2c=weB0Þ
ðTiþ TeÞ and vdi=vde ¼ !Ti=Te, where Ti and Te are the ion
and electron temperature, respectively, c is the speed of light,
e is the elementary charge, and vdi and vde represent the drift
speed of ion and electron, respectively, in the y direction in
drifting Maxwell distributions for particles. We consider two
types of g(x) (Case I and Case II). In Case I,

gðxÞ ¼ expð!1x=wÞ; (5)

where !1 is a positive constant. In this type of simulation, Bz

along z¼ 0 is uniform, and it is equal to !1B0, as seen in Fig.
1(a). This configuration is the same as in Pritchett et al.11

and Pritchett,12 and we can neglect !ðx; zÞ in the density n
when !1 & 1. In Case II,

gðxÞ ¼ expð!1hðx=wÞÞ; (6)

hðx=wÞ ¼ x=wþ ða=!2Þf1þ tanh½!2ðx! x0Þ=w(g; (7)

where !2 is a positive constant. In this type of simulation, Bz

along z¼ 0 has a hump, shown in Fig. 1(b). This is the case
discussed by Sitnov and Schindler.14 Note that in Case II,
!ðx; zÞ in the density n cannot be neglected even when
!1 & 1, and is needed to balance the Jy ) Bz force by the
pressure gradient along x. The magnetic configuration in

Sitnov and Swisdak15 and in Sitnov et al.16 has left-right
symmetry, and it is slightly different from Case II of our sim-
ulation. The configuration in Pritchett18 is similar to Case II.

Our boundary conditions are as follows. We impose
conducting walls along z, and open boundaries along x (both
at left and right), where light waves perpendicular to the
boundaries can pass through without reflection. For imple-
menting open boundary conditions, we follow the methodol-
ogy discussed in Ref. 19. For particle injection from the
boundaries, we calculate the particle number at one cell out-
side of the simulation box using Eq. (3) and obtaining
@n=@x, and inject both the current sheet component and the
background component, which are Maxwellian distributions.
Note that in 2D configurations in which Bz 6¼ 0, Eqs. (1)–(4)
are approximate solutions of the equilibrium state; therefore,
particularly in high z regions, the deviation of these solutions
from exact equilibrium solutions of the Vlasov-Maxwell sys-
tem generates an initial perturbation in Ey which produces
non-equilibrium flows which can interfere with the identifi-
cation of a linear instability. To mitigate the effect of the ini-
tial perturbation, we set the z boundaries not too far from
z¼ 0, and wave-damping regions are placed near the con-
ducting walls in the domain 9:6w < jzj < 12:5w, where a
damping factor between zero and unity is multiplied to the
terms !ð4p=cÞJ þr) B in Ampere’s law, where J is the
current density.

We use the following parameters: the sheet width
w ¼ 0:5di0, where di0 is the ion skin depth based on the den-
sity n0, the temperature ratio Ti=Te ¼ 5 (the background
plasma also has the same temperature and the same tempera-
ture ratio), the Alfv!en speed vA based on the density n0, and
the magnetic field B0 is 1/15 of the speed of light. We
employ 2048 grid points in the x-direction, and 256 in the z-
direction. We use the mass ratio mi=me from 25 to 400 to
determine the dependence of the instability on the mass ratio.
We use a fixed number of particles to represent both the cur-
rent sheet component and the background component at t¼ 0
in all the runs, with a total of about 108 particles. For the
background plasma (represented by nb in Eq. (3)), we use
about 131 particles per cell. For the current sheet component

FIG. 1. (Top and middle) contours of magnetic flux function. (Bottom) time
evolution of Bz along z¼ 0. (a) Case I (!1 ¼ 0:005; mi=me ¼ 25). (b) Case II
(!1 ¼ 0:03; !2 ¼ 0:1; a ¼ 2:0; mi=me ¼ 100).
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•  Multi-Scale Current Sheet (Sitnov and Schindler, 2010)

Sufficient stability condition for tearing mode with wavenumber kx in 
2D current sheet can be written as
       kxLz/πb > (VBz/πLz)2 ≡ Cd2,
where flux tube volume V = ∫dl/B. If Cd < 1, then mode is
stable within WKB limit kxLz/πb > 1.  Only way to obtain
Cd > 1 and thus allow possibility of instability is with an
accumulation of Bz flux at tailward end of current sheet.

2D PIC Simulations
with open boundaries



Stability of Current Sheets with a Localized Bz Hump
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•  2D PIC with closed boundary conditions; hump is well isolated from earthward boundary.

•  Ideal-like mode observed: earthward shift of hump and erosion of tailward side.
   Eventually leads to formation of X line near original hump position; no activity in
   extended low-Bz region prior to this. 

•  Possible case of internally driven reconnection onset (“flux starvation”).
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•  No tearing instability, but a  
   coherent development over
   many modes.
                 B4              B2
   γ/Ωi0 = 0.086         0.031

   γ/ΩiL = 0.022         0.011

•  In open system growth rate is an
   order of magnitude larger; initial
   equil. begins to move in less than 
   an ion gyroperiod based on the 
   asymptotic Bx field at hump.

•  Flows concentrated in hump region, but Uix 
   extends further earthward; mode can be
   stabilized by a too close boundary.
•  No development of E field outside of hump
   region prior to X line formation.
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Relation Between Reconnection Jets
and the Hump Configuration

•  Perform driven 2D PIC simulation ala Newton 
   Challenge (finite boundary displacement) with
   open boundaries starting from a Lembege-Pellat 
   current sheet with Bz/B0 = 0.02, Lz/di = 2.0.

•  As time progresses, the Bz jets steepen (up to
   0.9 B0) and the leading thickness decreases.

•  On the trailing side are regions of low Bz/B0 ~ 0.2
   and reduced |Ey|; no sign of Bz evolving toward 0.

•  Ongoing reconnection at the X line leads to
   replenishment of trailing Bz.

•  Spontaneous decay of hump configuration may 
   not be a good model to investigate magnetotail 
   dynamics.



P3/P4 probes (Figure 1c), with a more gradual buildup of Bz

at P5, which was located 1 RE southward of P3/P4.
Assuming a planar front, the timing of the DF at P1
(0751:26 UT) and P2 (0752:35 UT) suggests earthward
propagation at a velocity of 330 km/s. Timing at P2 and P4
(0754:10 UT) results in 360 km/s. Thus, the DF propagates
from !20 to !11 RE without deceleration.
[8] Figure 2 summarizes observations at P1 and P2 for

2.5 min around the DF (0751:00–0752:30 UT and
0752:00–0753:30 UT, respectively). P1 and P2 were in
northern and southern halves of the plasma sheet, respec-
tively, close to the neutral sheet. Between 0751:15 and
0751:30 UT, P1/FGM detected a bipolar (negative then
positive) variation in the Bx (blue trace) and Bz components
(red trace), accompanied by a positive variation in By. Since

the burst-mode survey was triggered by the variation of Bz,
FGM data with the highest time resolution (FGH,
128 vectors/s) are available. Using FGH data, the precise
duration of the front passage from negative Bz peak (!5 nT)
to the first local positive peak (20 nT) was shown to be
1.35 s, (Figure 2c), i.e., the DF thickness was ’400 km. The
electric field components Ey and Ex, shown in the GSE
coordinates, registered by P1/EFI, increased on the DF. The
time-energy spectrograms show rapid changes indicating
ion and electron energization. Plasma moments reveal a
drop in plasma density and pressure (Pp) accompanied by
a gradual increase in earthward bulk flow speed up to
1000 km/s and an increase in magnetic pressure (Pm).
[9] P2, located 3.4 RE earthward of P1, detected bipolar

(small-amplitude negative then sharp, high-amplitude pos-
itive) variations in jBxj and Bz between 0751:25 and
0752:35 UT. They were associated with a positive By

variation, an increase in Ex and Ey, rapid changes in particle
ET spectra, a drop in ion density, and an increase in
earthward plasma flow. During the negative Bz variation,
Pp increased while Pm decreased (this effect is more
pronounced at P2 than at P1). At the DF, Pp rapidly
decreased while Pm quickly rose. Peak-to-peak (1.5 and
31 nT) front propagation time was estimated using FGH
data (Figure 2d) to be 1.70 s, i.e., the DF was 500 km thick.
[10] Figure 3 shows DF observations at P3 and P4

situated at the same X and Z and separated by 1 RE in
YGSM. At 0753:30 UT, both P3 and P4 were in the southern
half of the plasma sheet at Bx = !25 and !22 nT,
respectively, detecting Bz = 3 nT. At 0753:50 UT, P3 started
to detect a decrease in jBxj and jByj without significant
variations in Bz. A sharp decrease in Bz down to zero was
observed between 0754:06.0 and 0754:06.5 UT. Both jBxj
and jByj reached local minima in that interval, resulting in
jBj = 2.3 nT. At 0754:08.1 UT, Bz reached a local maximum
(19 nT). The DF passing time (1.6 s, Figure 3c) corresponds
to a thickness of 500 km. P4 started to detect a decrease in
Bz and an increase in By at 0753:57 UT. A local minimum in
Bz (!8 nT) was detected at 0754:10.3 UT, and a local Bz

maximum (26 nT) at 0754:12.0 UT (1.7 s front passage
duration, 500 km thickness). Variations in magnetic field,
particle spectra and moments detected by P3 and P4 are
similar to those detected earlier by P1 and P2, which
suggests that the probes encountered the same spatial
structure.
[11] Observations made by P5, located at the same X and

Y as P4 but 1 RE southward, between 0752:30 and 0755:00
UT are summarized in Figure 4. Although P5 observed
more gradual dipolarization (see also Figure 1), the signa-
tures in spectra, moments and magnetic pressure at P5 were
similar to those at the other probes. They started earlier
compared to P3/P4, presumably because P5 was farther
from the neutral plane (Bx = !36 nT at 0752:30 UT). The
time-delay between increases in Pm at P1 and P5 (92 s)
gives a propagation velocity of 400 km/s.

Figure 2. Summary of THEMIS (a) P1 and (b) P2 observations between 0750:30 and 0755:00 UT. For each probe, X, Y,
and Z GSM components of the magnetic field, X and Y GSE components of the electric field (spin resolution), ion energy-
time spectrogram (eV/s/cm2/eV) combining SST and ESA ions (a blank stripe indicates the energy gap between the two
instrument ranges), electron (SST and ESA) time-energy spectrogram, ion number density X, Y, and Z GSM components of
the ion bulk velocity calculated with ESA and SST inputs, magnetic (Pm) and plasma (Pp) pressures are shown. (c) and (d)
GSM B (128 vectors/s) during 15 s around the dipolarization front at P1 and P2, respectively.

Figure 1. THEMIS SC positions in (a) XZ and (b) XZ
GSM planes. T96-model magnetic field [Tsyganenko, 1995]
is shown. (c) Time series of Bz (GSM) at all five probes
(P1–P5).

L14106 RUNOV ET AL.: DIPOLARIZATION FRONT L14106

2 of 7

Dipolarization Fronts in the Magnetotail

•  Earthward transport of mass, energy, and magnetic flux
   in magnetotail mainly associated with brief periods of
   fast plasma flow (300 - 400 km/s) (BBFs).

•  BBFs confined to flow channels with cross-tail width
   ~ 1 - 3 RE.

•  Common feature at leading edge of BBF is sharp increase
   of Bz (termed a dipolarization front - DF) frequently 
   preceded by a smaller negative variation.

•  From THEMIS observations Runov et al. [2009] identified
   these DFs as coherent plasma/flow structures proagat-
   ing over distance ~ 10 RE.

•  Front thickness ~ di or ρi0 (several hundred km).

•  2D reconnection simulations produce outflow jets with
   many of the features of DFs.  What about the width?

Bz

Runov et al., 2009
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3D Simulation Configuration

•  3D Particle-in-Cell: Full dynamics for both electrons & ions, mi/me = 64, Ti/Te = 5

•  Localized (in y) reconnection initiated by imposition of a localized blocking region that 
   removes Jy and acts as an effective anomalous resistivity [Pritchett & Coroniti, 2002]
   •  Blocking region: 0 < x < 3di, y width varied between 4di and 48di; open x boundary
   •  System size: -64di < x < 64di,  0 < y < 128di,  -16di < z < 16di 

•  Initial configuration: Harris current sheet,
                                 half-thickness L = 1.6di,
                                 background density nb/n0 = 0.1

•  Caution: Coordinate system: x increases tailward, y increases dawnward



w = 8di

Expansion of a Narrow Reconnection Jet

•  Initial expansion: rather laminar with slight dawnward drift despite Ti/Te >> 1.

•  At later times, pronounced expansion of the front duskward, reaching an extent 15-20 di.

•  Front breaks up on scale of 1-2 di. Compatible with excitation by the ballooning/
   interchange instability.
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Small-Scale Structure
Continuous Blocking

•  Main ramp up in Bz 

    associated with thin
  (~di) Jy current layer.
  Current carried main-
  ly by electrons.

•  Ion current not neg-
  ligible but broader
  scale (several di).

•  Localized Jy structures
   ahead of front pro-
   duce blips and dips in
   Bz ahead of front. 
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Blocking Off
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Ion Velocity Distribution Function
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x/di = -50 x/di = -42 x/di = -38•  At dawnward side incoming beam
   is slowed sharply; reflected ions
   appear downstream but are only small portion (~15%) of the total and do not determine
   net y drift.
•  Behind front is a slower turbulent region with strong localized duskward drift structure. 
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Dissipation at the Front

•  There are isolated small-scale 
   regions of intense dissipation E⋅J > 0
   at the front, primarily on the dawn- 
   ward side. Dimension de << L << di.
   Strength ~ 1 - 2 nW/m3. Consistent
   with Angelopoulos et al. (2013).

•  Interspersed between and behind the
   load regions are weaker generator 
   regions.

•  Removing the bulk plasma flow to 
   give E′⋅ J (“Joule dissipation”) 
   reduces the magnitude by a factor 
   ~ 2.  Probably associated with only
   partially magnetized ions.

•  In 2D result was quite different: E′⋅ J
   ≈ 0 at front. 2D values for energiza-
   tion may be inaccurate.
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Particle Energization

•  Tixx and Te⊥ increase substantially at
   front, particularly on dawnward side.

•  On duskward side Tixx  has max/min/
   max structure.

•  Substantial increase in both elec &
   ion fluxes at 15 - 20 times thermal.



SUMMARY
Reconnection Onset

•  Closed 2D PIC simulations indicate that Bz hump type current sheet can be unstable as
   suggested by Sitnov & Schindler [2010].

•  Growth localized near peak of hump; it shifts peak earthward and erodes field on tail-
   ward side of hump. No development of a dipolarization front.

•  Growth rate is order of magnitude smaller than in previous open BC PIC simulations.

•  Nonlinear development can lead to formation of X line and onset of reconnection as
   demonstrated by Bessho & Bhattacharjee [2014].  Internally driven reconnection due
   to flux starvation.

•  For case of externally driven reconnection, the formation of an X line behind the front
   is unlikely to occur due to the replenishment of the trailing Bz field by ongoing
   reconnection. 



Structure of Reconnection Jets

•  Used 3D PIC simulations to investigate structure of exhaust jets produced by reconnection
   localized (4 - 48 di) in out-of-plane direction.

•  Narrow fronts (<10di) expand in ion drift direction to width of 15-20di.

•  Broader fronts (>25di) form a 10-15di higher-speed structure on dawn side of jet.

•  In all cases fronts filament into substructures of 1-2di width (ballooning/interchange
   instability). On longer time scales they clump into ~5di structures.

•  Ramp up in Bz associated with thin (~di) current layer carried mainly by electrons.

•  DF is site of strong mixing between jet and ambient plasma with production of reflected 
   and transmitted ions at speeds of 2-4 VA.

•  Ion energization occurs in front of and behind the DF; electron energization occurs at front.

•  Dissipation (1-2 nW/m3) concentrated in small scale regions de << L << di, similar to 
   observations of Angelopoulos et al. [2013].  E′⋅ J much larger at front than in 2D.


