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Abstract

Using a magnetohydrodynamic simulation of magnetotail reconnection, flow bursts and dipolarization we further investigate the
current diversion and energy flow and conversion associated with the substorm current wedge (SCW) or smaller scale wedgelets.
Current diversion into both Region 1 (R1) and Region 2 (R2) sense systems is found to happen inside (that is, closer to the
center of the flow burst) and equatorward of the R1 and R2 type field-aligned currents. In contrast to earlier investigations
the current diversion takes place in dipolarized fields extending all the way toward the equatorial plane. An additional FAC
system with the signature of RO (same sense as R2) is found at higher latitudes in taillike fields. The diversion into this system
takes place in layers equatorward of the RO currents, but outside the equatorial plane. Whereas the diversion into R1 and R2
systems is pressure gradient dominated, the diversion into the RO system is inertia dominated and may persist only during flow
burst activity. While azimuthally diverging flows near the dipole contribute to the build-up of R1 and R2 systems, converging
flows at larger distance contribute to the build-up of RO and R1 systems. In contrast to the current diversion regions inside
the current wedge, generator regions are found on the outside of the wedge, similar to earlier results. Within the tail domain
covered, these regions are overpowered by load regions, such that additional generator regions must be expected closer to Earth,

not covered by the present simulation.
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Key Points:

¢ Current diversion and generator regions of the substorm current wedge are not
necessarily collocated.

» Diversion to Region 1 and 2 type currents happens mainly inside the current wedge
and equatorward of the field-aligned currents.

« Azimuthally converging flows contribute to the buildup of Region 1 and Region
0 type field-aligned currents at higher latitudes.
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Abstract

Using a magnetohydrodynamic simulation of magnetotail reconnection, flow bursts and
dipolarization we further investigate the current diversion and energy flow and conver-
sion associated with the substorm current wedge (SCW) or smaller scale wedgelets. Cur-
rent diversion into both Region 1 (R1) and Region 2 (R2) sense systems is found to hap-
pen inside (that is, closer to the center of the flow burst) and equatorward of the R1 and
R2 type field-aligned currents. In contrast to earlier investigations the current diversion
takes place in dipolarized fields extending all the way toward the equatorial plane. An
additional FAC system with the signature of RO (same sense as R2) is found at higher
latitudes in taillike fields. The diversion into this system takes place in layers equator-
ward of the RO currents, but outside the equatorial plane. Whereas the diversion into

R1 and R2 systems is pressure gradient dominated, the diversion into the RO system is
inertia dominated and may persist only during flow burst activity. While azimuthally
diverging flows near the dipole contribute to the build-up of R1 and R2 systems, con-
verging flows at larger distance contribute to the build-up of RO and R1 systems. In con-
trast to the current diversion regions inside the current wedge, generator regions are found
on the outside of the wedge, similar to earlier results. Within the tail domain covered,
these regions are overpowered by load regions, such that additional generator regions must
be expected closer to Earth, not covered by the present simulation.

1 Introduction

One of the most intriguing problems in magnetospheric physics is the question how
magnetotail dynamics and characteristic features drive auroral phenomena. This is largely
an unsolved problem. Yet, one of the best understood relationships is that between flow
bursts in the magnetotail and auroral streamers. It has been realized that the connec-
tion is carried by outward field-aligned current created at the westward edge of an earth-

ward flow channel in the tail (e.g., Henderson et al., 1998; V. A. Sergeev et al., 1999; V. Sergeev

et al., 2004; Lyons et al., 1999; Nakamura, Baumjohann, Brittnacher, et al., 2001; Naka-
mura, Baumjohann, Schddel, et al., 2001; Forsyth et al., 2008). This current is part of

a system that, albeit on a smaller scale, resembles that of the substorm current wedge
(SCW) (McPherron et al., 1973). Its major component consists of a diversion of cross-
tail current into field-aligned current (FAC), earthward on the dawnside and tailward

on the duskside, associated with a collapse and dipolarization of magnetic field in a some
tail section in between, combined with an ionospheric closure through the westward au-
roral electrojet. The field-aligned currents associated with this simple current loop have
the characteristics of those denoted as “Region 17 (R1) (lijima & Potemra, 1976).

The likely mechanism for the build-up of this current system is the vorticity or flow
shear on the outside of a flow burst. This relationship has been supported by many mag-
netohydrodynamic (MHD) simulations (e.g., Scholer & Otto, 1991; Birn & Hesse, 1991;
Birn et al., 2011; Wiltberger et al., 2015; Merkin et al., 2019) and observations (e.g., Forsyth
et al., 2008; Keiling et al., 2009; J. Liu et al., 2013). The basic mechanism is illustrated
in Figure 1, modified from Fig. 19 of Birn et al. (2004) and Fig. 3.7a of Amm et al. (2002).
A flow burst from the tail becomes stopped closer to Earth and diverted azimuthally.

The shear or vorticity on the outside causes a twisting of magnetic flux tubes, which in-
creases as long as the ionosphere does not, or not fully, respond to the driving vortical
flow. This twist and the associated currents might persist even when the flow subsides,
depending on the ionospheric dissipation.

The simple, cylindrically symmetric, cartoon in Figure 1b would suggest that the
regions of current diversion (from perpendicular to field-aligned or vice-versa) and gen-
erator regions, where E - j < 0, are closely related. It is the purpose of this paper to
investigate details of the current diversion and their relation to generator or dynamo re-
gions in the magnetotail on the basis of an MHD simulation of magnetotail reconnec-
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Figure 1. Field-aligned current generation by vortical plasma flow: (a) magnetic flux tubes in
the northern hemisphere, after Fig. 1 of Birn and Hesse (2013), (b) simple cartoon representing
the twist on the dawnside, similar to Fig. 3.7a of Amm et al. (2002).

tion, associated with flow bursts and dipolarization (Birn et al., 2011). This simulation
has been used previously to study properties of the SCW (Birn & Hesse, 2013, 2014b).
We should note here that this simulation, and in particular the first flow burst, may also
be applicable to a smaller-scale flow channel, which may be part of, or independent of,
substorm activity. We should further note that this driving mechanism could, on even
smaller scales, also be applicable to electron flows as drivers of auroral arcs (e.g., Amm
et al., 2002; Borovsky et al., 2020). In the following section we will briefly describe prop-
erties of the MHD simulation. Section 3 is devoted to details of energy flow and conver-
sion, while section 4 addresses details of the spatial properties of the current diversion
from perpendicular to field-aligned. This is followed by discussion (section 5) and sum-
mary (section 6).

2 MHD Simulation

Major properties of the MHD simulation are described by Birn et al. (2011) and
Birn and Hesse (2013), but will be partially repeated here, for the readers convenience.
The simulation is based on dimensionless quantities with suitable units given by

L, =10,000km ~ 1.5Rg, B, =20nT, v, =1000km/s (1)

This leads to derived units t,, = L,, /v, = 10s, p, = B2 /uo = 0.320P, j, = B, /(o Ln) =
1.6nA/m? and I,, = B, L, /po = 0.16 MA. The simulation box spans the region 0 >

x > —60, |y| < 40, |z| < 10 (corresponding to —7.5Rg > xgsm > —97.5RE, |zasm| <
15RE, |ycsm| < 60Rg). The initial state consisted of a tail field (Birn, 1987) with a
superposed three-dimensionl dipole with a center located at x = —5 outside the sim-
ulation box. The configuration includes a small net cross-tail field component of a few
percent of the lobe field, which breaks mirror symmetry but satisfies rotational symme-
try for 180 rotation around the z axis.

The evolution consists of a relaxation phase (0 < ¢t < 30, corresponding to 300s),
during which the system relaxed into full equilibrium (Hesse & Birn, 1993), followed by
a driven phase (30 < t < 61), during which an external inflow of magnetic flux was
applied to the top and bottom boundaries. This leads to current intensification and the
formation of a thin embedded current sheet in the near tail. At ¢ = 61 the driving was
stopped and finite resistivity was imposed, concentrated in the region of enhanced cur-



94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

manuscript submitted to JGR: Space Physics

(f)

-6 -9
—v=1

Figure 2. Evolution of the cross-tail electric field Ey (color): (a—c) in the x, z plane together
with magnetic flux contours, and (d—f) in the z,y plane together with contours of constant B,
(solid black lines), shown in increments of 0.5 (10 nT) from B, = 0 on the right. Black arrows

are velocity vectors with the unit vector (1000 km/s) shown at the bottom right.

rent density, leading to the onset of reconnection and the formation of a neutral line (B, =
0 at z =0) at t ~ 90.

Rapid reconnection, driving a fast flow burst, starts at ¢ &~ 125. The evolution of
this flow burst is illustrated in Figure 2, showing in color the associated cross-tail elec-
tric field E,. Figures 2a-c show Ej in the z, 2z plane together with magnetic flux con-
tours, while Figures 2d-f show E, in the z,y plane together with velocity vectors and
contours of constant B, ; the contour on the right is the B, = 0 line. The flow reaches
a peak at t &~ 129 and is slowed down considerably at ¢ = 133, while being diverted
azimuthally and even tailward. The indented field lines shown in Figure 2c¢ indicate that
this is related to a reversal of the cross-tail current, causing a repulsive tailward jxB
force.

The shear associated with this flow burst causes a build-up of field-aligned current
as illustrated in Figure 1. Figure 3 shows the evolution of the total field-aligned currents
of R1 and, oppositely directed R2 sense, evaluated at the inner boundary x = 0 for y <
0,z > 0. These currents show a significant rise after the onset of the fast flow and a
saturation when the flow is stopped and even reversed.

The two dashed lines indicate times for which we investigate the energy flow and
conversion and the current diversion in more detail; they correspond to the two bottom
panels in Figure 2. We note that our limited tail simulation does not include the pos-
sibility of ionospheric dissipation and a potential balance with a tail generator. There-
fore, for the energy transport and conversion (discussed in section 3), and, particularly
for the identification of potential generator or dynamo regions, we choose a time (¢t =
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Figure 3. Evolution of the total current of Region 1 (positive, red curve) and Region 2 signa-
ture (negative, green curve), integrated for y < 0,z > 0 within the close field-line region; modified
after Fig. 2 of Birn and Hesse (2014b). The dashed vertical lines indicate times for which energy

flow and conversion (¢ = 129) and current diversion (¢ = 133) are investigated.

129) at which the build-up of the current systems is the strongest. For the current di-
version (section 4) we choose the time ¢ = 133, when the FACs have saturated.

3 Energy Flow and Conversion

Figure 4 provides an overview of the major energy flow and conversion, showing
the color-coded energy conversion term E-j, (a) as function of = and z, integrated over
lyl < 1, and (b) as function of x and y, integrated over |z| < 3, together with Poynt-
ing vectors S (red arrows) and enthalpy flux vectors H (blue arrows) defined by

S=ExB H:gpv (2)

assuming a polytropic index v = 5/3 (using standard notations). We note that the en-
thalpy flux vectors show the direction of the total flow, while the Ponting vectors show
the flow direction perpendicular to the magnetic field, which, however, in the lobe re-
gions is close to the actual flow direction.

As demonstrated already in Birn and Hesse (2005), energy is released from the lobes
into Poynting flux and enters the inner tail over a wide region earthward of the x-line,
which is located near x = —8.5. The Poynting flux is converted predominantly into en-
thalpy flux at slow shock like current layers. This is associated with V-S < 0 and V-

H > 0 (not shown here). It is documented also in particle-in-cell simulations with small
or no guide field (e.g., Birn & Hesse, 2010, 2014a). A similar conversion layer appears

to be associated with the dipolarization front (DF) just earthward of the region of en-
hanced B,. However, its character is quite different. Whereas the slow shocks are quasi-
stationary, associated with a flow across, the DF does not not exhibit cross-flow; it merely
separates two distinctly different regions and E-j > 0 results from the fact, that large
magnetic field (high Poynting flux) is transported earthward into a fixed box and low
field transported out, while the opposite is true for the enthalpy flux. Figure 4b indicates
that closer to Earth enthalpy flux (and plasma flow) is diverted azimuthally, and even
tailward.
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Figure 4. Color-coded energy conversion term E - jat ¢ = 129, shown (a) as function of
and z, integrated over |y| < 1, and (b) as function of = and y, integrated over |z| < 3. Red ar-
rows in panel (a) indicate Poynting vectors and blue arrows in panels (a) and (b) show enthalpy
flux vectors with a unit length vector, equivalent to 1.3 x 10'°J / R% /s, indicated at the bottom
right. Only vectors with a minimum magnitude of 0.05 are shown. Black contours in panel (b)

are contours of constant B, shown at intervals of 0.5 (10 nT) above zero.
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Figure 5 provides an overview of the energy flow and conversion in a cross-section
at © = —2. Panel a shows the enthalpy flux component H,, panel (b) the Poynting flux
Sz, and panel (c) the conversion term E - j, together with Poynting vectors (black ar-
rows). Note that the color scale in panel (c) is chosen to emphasize the generator regions
E-j < 0; the maximum positive values at the center are larger by a factor of about 4.
The vector at the bottom right of Figure 5¢ shows the unit Poynting flux, correspond-
ing to 1.3x10'°J/R% /s. Figure 5d-h show quantities only for the generator region in
the quadrant y < 0,2z > 0.

The energy flux vectors in Figure 4b and Figure 5a—c demonstrate that the energy
that is fed into a flow burst and dipolarization front stems from a much wider region in
y than the actual front or burst. Figure 5 also demonstrates that the vortical flow that
causes the build-up of the current wedge persists closer to Earth. As discussed by Birn
and Hesse (2005), the generator regions are associated with an outward flow component
toward larger |z|, consistent with the cartoon in Figure 1b. This is associated with V-
S > 0 (Figure 5d) and V - H < 0 (not shown), representing the conversion of ther-
mal energy to magnetic energy flux. However, inspection of the contributions to V-S
in Figure 5(d-g) shows that the dominant term stems from 95,/0z. That means that
there is only a small conversion to earthward Poynting flux (Figure 5h). It is smaller than
the Poynting flux near midnight (Figure 5b) by a factor of about 5, which again is smaller
than the enthalpy flux (Figure 5a) by a factor of about 4.

Figure 6 is an attempt to put the driving of the field-aligned currents and the gen-
erator regions at t = 129 into a three-dimensional view. The inner plane x = 0 shows
the color-coded values of jj, indicating both R1 (red and yellow) and R2 (blue) type cur-
rents. A contour of constant j (black contour) is mapped into the equatorial plane z =
0; five field lines of this mapping are indicated as red lines. The color in the equatorial
plane z = 0 indicates the magnitude of the vorticity, 2 = V x v, multiplied with the
magnitude of B,, and black arrows show the flux transport vectors B,v. This shows that
the central region of fast flow and strong vorticity is predominantly responsible for the
distortion of the magnetic field; it is consistent with the location of the main current di-
version, to be discussed in section 4.

In addition, Figure 6 shows the generator regions E-j < 0 in planes z = —1, -2, -3
(located on the outside of the R1 current region), and = —4 (located near midnight).
The region at x = —2 corresponds to that shown in Figure 5c¢ and selected for Figures
5d-h. The midnight region of negative E-j at x = —4 results from flow braking, caus-
ing a reversal of current as indicated in Figure 2c. This effect becomes stronger at later
times when, however, the FACs are already saturated.

4 Current Diversion

Next we provide an overview of the spatial distribution of field-aligned currents at
the chosen time of saturation, ¢ = 133. As indicated by Figure 2, at this time the flow
burst has slowed down considerably and become strongly diverted. It stops near mid-
night at * &~ —3 and earthward flow is confined to approximately |y| < 1. Figure 7
shows the color-coded current density, j; = j - B/|BJ, in planes z = —1, -2, -3 (pan-
els a-c) and y = —0.8 (panel d). The arrows in each of the planes show perturbed cur-
rent density vectors Aj, defined by subtracting the current density vectors at the initial
time t = 61, Aj = j(133) — j(61).

Figure 7 shows the dominant R1 type currents, flowing toward the Earth on the
dawn side (red for z > 0 and blue for z < 0) and away on the dusk side, and at lower
latitude the oppositely directed weaker R2 type currents. Figure 7c and 7d also show,
at higher latitude, FACs with the same direction as R2, already indicated in Fig. 8 of
Birn and Hesse (2014b). This system, which may be identified as RO, does not extend
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Figure 5. Energy fluxes and conversion at ¢ = —2 for t = 129: (a) color-coded enthalpy flux
H, (b) Poynting flux Sz, and (c) energy conversion term E - j. Note that the color scale in panel
(c) is chosen to emphasize the generator regions E - j < 0. Black arrows show Poynting vectors;
the unit vector is indicated at the bottom right. Colored contours indicate R1 sense field-aligned

currents, and the dashed black lines represent the open-closed boundary (separatrix). Panels (d—

h) show quantities in the generator region, selected for E - j < —0.05 in the quadrant y < 0,z > 0:
(d) the divergence of the Poynting vector, V - S, (e—g) the individual contributions to V - S, and

(h) again the Poynting vector component S, but on a different color scale.
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Figure 6. Perspective view of the driving and generator mechanisms of the current wedge

at t = 129. The plane at x+ = 0 shows the color-coded field-aligned current; red lines represent
field lines mapped from from an outer contour (black) into the equatorial plane. The color in the
equatorial plane z = 0 indicates the magnitude of the vorticity, multiplied with the magnitude of
B., and black arrows show the flux transport vectors B.v. Generator regions E - j < 0 are shown

in planes z = —1, —2, —3 (outer regions), and = —4 (near midnight).
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Figure 7. Color-coded field-aligned current density jj at three locations in z (panels a-c) and
aty = —0.8 (panel d) as indicated. The arrows show perturbed current density vectors. Black

lines in panel d are magnetic flux contours.

to the inner boundary. Local signatures of such a system, however, have been reported
by Nakamura et al. (2017, 2018).

Figure 8 shows the corresponding divergence of field-aligned currents, defined by
Vi = B-V(j/|Bl), with j; = j; B/B. The red areas in Figures 8b,c (for y < 0)
and Figure 8d demonstrate that the conversion to R1 type field-aligned currents hap-
pens on the inside (that is, for smaller |y| and underneath (that is, for smaller |z|) the
R1 currents. This is also confirmed by the perturbed current vectors in Figures 7b and
7c, which point dawnward across midnight and toward larger |z| in Figure 7d into the
regions of R1 currents. These current density vectors indicate current loops 1 and 3 in
Fig. 5 of Birn and Hesse (2014b), which is reproduced in Figure 9. Both, the perturbed
current density vectors and the divergence of field-aligned currents, given by Vjj, shown
in Figure 8, demonstrate that the current deflection to parallel current happens inside
the wedge, from perturbed perpendicular currents that oppose the original cross-tail cur-
rent, rather than on the outside as the original cartoon by McPherron et al. (1973) might
suggest.

Current diversion into both R1 and R2 systems extends all the way toward the equa-
torial plane. This is in contrast to earlier findings (Birn & Hesse, 2005), where the di-
version into R1 sense currents was found to occur in layers roughly parallel to the equa-
torial plane, located underneath the current layers at lower |z|. The main reason for this
difference is that the earlier simulation was based on a taillike configuration, whereas the
present one also includes the transition toward a dipole field, such that current diver-
sion into R1 and R2 systems takes place in dipolarized fields, which are predominantly
northward. This conclusion is supported by the fact that, in contrast to the diversion
into R1 and R2 systems, the diversion into the RO system takes place in more taillike
fields in layers underneath, at lower |z|, but away from the equatorial plane (Figure 8d).

—10—
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conversion to:
R2 R1

b M LA o - @

Figure 8. Color-coded divergence of field-aligned currents V - j;, with contours outlining the
field-aligned currents shown in Figure 7 (colored lines). Black arrows in panel (d) point to regions

of conversion to R2, R1, and RO type currents, respectively.

Figure 9. Schematic of major current systems contributing to the SCW, after Birn and Hesse
(2014b).

—11—
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R1 RO

Figure 10. Divergence of perpendicular currents and perturbed current density vectors at
y = —0.8, corresponding to the right panel in Figure 8, (a) total, (b) contribution from pressure
gradients, (c) contribution from inertia. Colored contours show the regions of R2, R1, and RO

currents, respectively, as indicted in panel (a).

To provide further insight into the current diversion, we have investigated the con-
tributions to V-ji (= —V -jj) from pressure gradients and inertia, as defined by

. B dv

JL= 5 % (VP‘FPE) (3)
Figure 10 shows the total contribution to V-j; and the individual contributions in the
plane y = —0.8. For better comparison with Figure 8 we have reversed the color scale.

Thus Figure 10a is identical to Figure 8d, since V- j; = =V - j.

Obviously, R2 currents are predominantly “pressure driven” (Figure 10b). Also,
the inner portion of the divergence to R1 currents is pressure gradient dominated. How-
ever, further tailward there is also a contribution from inertia, which feeds into the higher-

—12—
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latitude portion of the R1 current. This part, together with the diversion to RO currents
at even higher latitude, was obscured in our previous analysis (Birn & Hesse, 2014b) by
the integration over z. In contrast, the diversion to RO currents appears entirely “iner-
tia driven.” Therefore, this current might persist only as long as the flow burst activ-
ity persists in the tail. As noted before, signatures of this current have been identified
by tail observations (Nakamura et al., 2017, 2018). Below, that is, equatorward of, the
region of conversion to RO currents, and tailward of x ~ —4 there is a region where pres-
sure gradient and inertia associated diversion terms largely compensate. This is related
to an approximate balance of pressure gradient forces and inertia and a conversion of bulk
flow energy, which is significant near the x-line, to enthalpy flux in the reconnection out-
flow toward increasing pressure.

Figure 11 provides a perspective view of the field distortion at this time, similar
to Figure 6. It shows again field lines (red lines) extending from an outer contour of the
R1 region at x = 0 into the equatorial plane z = 0. The color at z = 0, however, now
indicates the magnitude of V-J, integrated over z, while black arrows show again the
flux transport vectors B,v. In addition, the thick multi-colored line represents a field
line crossing the region of negative B, and the RO current region; the color indicates the
magnitude of J along this line. It is obvious that this field line and its neighbors have
become distorted by converging flow toward midnight at larger distance and subsequent
earthward flow. This has caused the build-up of negative B,. Below this region, that is,
at lower z, this causes a gradient B, /0z < 0, corresponding to earthward current, while
above, that is, at larger z, this causes a gradient 0B, /0z > 0, corresponding to tail-
ward current. The converging flow toward midnight at the tailward side of the vortex
pattern in the equatorial plane therefore contributes to both R1 and RO current build-
up. This is analogous to the diverging flow away from midnight on the earthward side
of the vortex, which causes a build-up of R1 and R2 currents. Although the RO type cur-
rent does not extend to the boundary at this time, one might expect that the associated
field perturbation travels toward Earth and might be related to observed RO type cur-
rents as depicted in Figure 9 of Kepko et al. (2015), based on observations by Dynam-
ics Explorer satellites and cartoons by Fujii et al. (1994) (Fig. 11) and Gjerloev and Hoff-
man (2002). Note that Figure 9 of Kepko et al. (2015) and Fig. 11 of Fujii et al. (1994)
also indicate the converging plasma flows toward midnight at high latitude, although one
ought to be cautious, because electric fields and currents in the ionosphere can be dis-
torted by the anisotropic conductivity.

5 Discussion

The most puzzling aspect of the present investigation concerns the question of how
the energy that is ultimately dissipated by current closure in the ionosphere is generated
by dynamo action in the tail or the inner magnetosphere. A common way of investiga-
tion is the identification of regions of E - j < 0 (although it should be noted that this
quantity is frame dependent). The present simulation does not include the presumed iono-
spheric dissipation region and the possible balance between the generator in the tail and
the dissipator. We therefore focused on a time of the rapid build up of the SCW system
and identified generator regions of E-j < 0 at the outside (in |y|) of the R1 type field-
aligned current system at higher latitudes and in the center of the tail at a braking re-
gion just behind the earthward moving dipolarization front. However, the high-latitude
region is weak, and it turns out that the main contribution to V-S stems from 95, /9z,
which means it does not significantly contribute to a conversion to earthward Poynting
flux. The central region is located behind, that is tailward of, the DF region, where V-
S < 0and V- H > 0 and thus does also not contribute to an increase in net earth-
ward Poynting flux. Although this region becomes stronger at later times, when the DF
is stopped, that happens when the R1 and R2 currents, set up by the first flow burst,
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Figure 11. Perspective view of the field distortions associated with the current wedge at

t = 133, similar to Figure 6. The plane at x = 0 again shows the color-coded field-aligned cur-
rent; red lines represent field lines mapped from from an outer contour (black) into the equatorial
plane. The color in the equatorial plane z = 0, however, now indicates the magnitude of V - J ||,
integrated over z, while black arrows show again the flux transport vectors B,v. The thick multi-
colored line represents a field line crossing the region of negative B, and the RO type current
region; the color indicates the magnitude of J| along this line, indicated by the color bar to the

right.
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are already saturated. Thus, none of these generator regions can realistically be consid-
ered as the dynamo that drives the R1 current of the current wedge.

Thus, although the flows and the current diversion in the present simulation are
sufficient to represent the source region of the SCW, they apparently do not contain the
main generator. How can we explain this contradiction? The solution lies in the fact that
the SCW system, although dominant in the connection between tail and ionosphere, is
only part of the total current system. If the current loop 1 in Figure 9 were the only one,
it would be easy to identify the dynamo (E - Aj < 0) in the central, near equatorial,
portion of dusk-to-dawn current together with the earthward flow, which is associated
with dawn-to-dusk electric field. However, this current is superposed on the preexisting
cross-tail current (apart from other systems indicated in Figure 9), and the energy equa-
tions are nonlinear and do not permit a separation into different current circuits. It is
therefore not possible to identify drivers or dynamos of subsystems by investigating E-
j<o.

Nevertheless it is useful to investigate the energy flow and conversion. There is no
doubt that the ultimate source is the lobe magnetic energy (or prior to that, the solar
wind energy that is temporarily stored in the tail). The initial release and conversion
of this energy is relatively clear: magnetic energy is released by Poynting flux and con-
verted largely to enthalpy flux at slow shocks or their equivalent, characterized by E-

j > 0. A small amount that is converted to bulk kinetic energy flux in the vicinity of

the x-line is also mostly converted to enthalpy flux farther earthward when the recon-
nection outflow is braked by moving toward increasing pressure. A further transforma-
tion by E-j > 0 takes place at dipolarization fronts. However, this is essentially a frame
dependent phenomenon in a fixed frame, where large magnetic field (high Poynting flux)
is transported earthward into a fixed box and low field transported out, while the op-
posite is true for the enthalpy flux. Both of these mechanisms, however, are also present
in purely two-dimensional pictures and simulations (e.g., Sitnov et al., 2009; Birn & Hesse,
2014a; Y.-H. Liu et al., 2014) and are hence not necessarily related to the substorm cur-
rent wedge and its ionospheric closure.

The generator regions of E - j < 0 at the outside of the R1 field-aligned current
system are a purely 3D effect, while the braking region near midnight would also be present
in 2D. As discussed above, however, they are not sufficient to explain the ultimate con-
version to earthward Poynting flux that is expected prior to entry into the ionosphere.
Our estimates of the total energy transport from the tail (Birn et al., 2019) indicate that
this energy would be sufficient to cover the ionospheric dissipation in a substorm. How-
ever, this estimate does not account for the energy deposited in the ring current and only
a small amount is found to be converted to Poynting flux by dynamo action in the tail
region considered here. Since this energy conversion is not sufficient, we must conclude
that the major conversion of enthalpy flux to Poynting flux must happen further earth-
ward.

6 Summary and Conclusions

Using a three-dimensional MHD simulation of magnetotail reconnection and dipo-
larization (Birn et al., 2011), we have investigated details of energy release and conver-
sion and current diversion associated with the Substorm Current Wedge (SCW) or a sin-
gle flow burst driving a similar current system, extending further the investigations of
Birn and Hesse (2013, 2014b). Current diversion into both R1 and R2 systems was found
to happen inside (that is, closer to the center of the flow burst) and underneath (at lower
|z]) the R1 and R2 field-aligned currents, extending all the way toward the equatorial
plane. This is in contrast to earlier findings (Birn & Hesse, 2005), where the diversion
into R1 currents was found to occur in layers, roughly parallel to the equatorial plane
above and below. The apparent reason for this difference is that the earlier simulation
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was based on a taillike configuration, which did not include the transition toward a dipole
field. In contrast to that simulation, current diversion into R1 and R2 systems, takes place
in dipolarized fields, which are predominantly northward. This view is supported by the
fact that an additional FAC system with the signature of RO (same sense as R2) is found
in the present simulation at higher latitudes in taillike fields and that the diversion into
this system takes place in layers underneath away from the equatorial plane.

A simple cartoon (Figure 1b) would suggest that the regions of current diversion
(from perpendicular to field-aligned or vice-versa) and generator regions, where E-j <
0, are closely related. As we have shown, however, this is not necessarily so, particularly
for two reasons. (1) The source region for the FACs is in the magnetotail or dipole/tail
transition region, where a strong cross-tail current provides the basis from which the per-
turbed currents are converted to FACs. Thus one has to consider a finite jy to be super-
posed on the Aj, vectors in Figure 1. This superposed jo would be parallel to Aj, on
the outside of the twin vortices generated by the flow burst in the tail but antiparallel
in between, that is, closer to midnight. This is, at least qualitatively, consistent with our
findings of the generator regions on the outside of the R1 current system. (2) The sec-
ond reason is the asymmetry of the vortical flow. The flow speed and the associated elec-
tric field are much larger inside the twin vortices (Figure 6). This leads to a net posi-
tive E-j, which dominates over the negative E-j on the outside. Although the tail re-
gion covered contains the the flow shear and vorticity to set up the field-aligned current
of the SCW at the right magnitude, it does not include the full conversion to Poynting
flux that is expected prior to entry into the ionosphere. A plausible conclusion is that
the conversion must continue further earthward from the region covered by the present
simulation.
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