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[11 Here we describe how energy-dependent magnetic drift in the presence of a pressure
gradient in the direction of the drift leads to a divergence of perpendicular particle flux, and
that this violates conservation of flux tube particle content. We address how, within

the plasma sheet, this divergence of particle flux should be expected to lead
simultaneously to the divergence of perpendicular current that drives the Region 2 (R2)
current system and to significant violation of entropy conservation. The modeling results
of Wang et al. (2004b) show that the above violation of entropy conservation due to
magnetic drift, when taken together with magnetic field stretching, offers a resolution
to the pressure crises question. On the basis of our argument that the same energy-
dependent magnetic drift effect leads to the perpendicular divergence that drives the R2
field-aligned current system and the violation of entropy conservation, we suggest that the
existence of the R2 current system can by itself be viewed as a signature of violation of

entropy conservation. Finally, we propose that observational evidence suggests that an
enhanced rate of entropy reduction and R2 currents resulting from particle divergence
within the vicinity of the Harang reversal may be a critical aspect of the substorm

expansion phase.
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currents, and entropy changes associated with convection, steady magnetospheric convection periods, and substorms, J. Geophys. Res.,
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1. Introduction

[2] The convection electric field in the magnetotail brings
plasma in the tail plasma sheet earthward, resulting in plasma
energization. Under the assumptions of ideal MHD, plasma
conserves entropy as it moves adiabatically at the electric
field drift velocity. Erickson and Wolf[1980] determined that
such entropy conserving motion would lead to unrealisti-
cally high pressures in the plasma sheet and suggested that
the magnetotail would not be stable to enhanced entropy-
conserving convection, leading to what was referred to as
the “pressure crises.” However, prolonged periods of
enhanced convection within the plasma sheet are known
to persist for up to many hours, which are referred to as
convection bays [Kokubun et al., 1977; Pytte et al., 1978]
or, more recently, as steady magnetospheric convection
periods (SMCs) [Sergeev et al., 1986; Yahnin et al., 1994].
Their existence indicates that convection into the inner
magnetosphere can exist stably for prolonged periods,
implying that the energization inferred from entropy con-
servation by Erickson and Wolf[1980] does not give a full
description of plasma sheet transport. Stretching of the
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magnetic field has been investigated as a potential solution
to this problem [Hau et al., 1989; Hau, 1991, Erickson,
1992], but the required amount of stretching was found to
be too extreme to be able to readily allow for SMCs and to
thus resolve the pressure crises.

[3] The plasma energization that occurs as plasma con-
vects earthward into regions of increasing magnetic field is
associated with magnetic drift of particles across electric
equipotentials. 7syganenko [1982] and Spence and Kivelson
[1990] noted that this drift could lead to violation of the
assumptions of entropy conservation and flux tube particle
conservation of ideal MHD within the finite width magneto-
tail. This magnetic drift is energy dependent, and thus so
is the particle energization. Here we first address how the
energy-dependent magnetic drift leads to violation of en-
tropy conservation, which taken together with magnetic
field stretching, offers a resolution to the pressure crises
question [Wang et al., 2003, 2004b]. We furthermore
describe how the same energy-dependent magnetic drift
effect leads to a violation of conservation of flux tube par-
ticle content and therefore leads to the perpendicular diver-
gence of perpendicular current that drives the region 2 (R2)
field-aligned current system. This leads us to argue that the
R2 current system and violation of entropy conservation are
simultaneous aspects of the same process, i.e., divergence of
particles driven by magnetic drift effect. We then use this to
suggest that the existence of the R2 current system can by
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Figure 1. [Illustration of how a pressure gradient in the

direction of magnetic drift leads to a divergence of particle
flux.

itself be viewed as a signature of violation of entropy con-
servation. Finally, we summarize existing evidence that the
onset of the substorm expansion phase is associated with
an enhancement of upward R2 currents in the region of the
Harang reversal. This leads us to suggest that an enhanced
rate of entropy reduction and R2 currents resulting from
particle divergence within the vicinity of the Harang rever-
sal may be a critical aspect of the substorm expansion
phase.

2. Fluid Equations for Plasma Sheet Ions

[4] We consider the earthward convection of the tail
plasma sheet using the equatorial ion continuity equation
for flux tubes under the assumptions of isotropy and slow
flow:

(%Jrvpv)(nV):—Bf'vvavf 2

4B, Ll M

Here V is the flux tube volume and # is the ion density, so
that nV is the flux tube particle content. V is the electric
drift velocity, ¢ is the electronic charge, jj; is the field-
aligned current density mapped to the ionosphere (positive
upward from the ionosphere), and B, and B; are the equa-
torial and ionospheric field strength, respectively. The left
portion of (1) is a rewritten form of the plasma sheet continuity
equation obtained by Heinemann [1999] by integrating the
single species mass conservation equation over the volume
of a flux tube. The relation between VP x VV and j;
in (1) is the well-known relation between the divergence of
the plasma sheet perpendicular current and field-aligned
currents for an isotropic plasma. Note that since electrons
are not being included in the left portion of (1), so the
application to jj; is under the assumption that the electron
pressure can be neglected. Equation (1) expresses the local
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change in nV as a balance between plasma earthward
convection, given by the term Vz - VnV, and plasma di-
vergence driven by magnetic drift, which is given by the VP x
VV termin (1).

[5] While fundamentally important to plasma sheet dy-
namics, the change of flux tube particle content that results
from magnetic drift is not commonly considered. This change
can easily be understood physically if one considers magnetic
drift within a flux tube in the presence of a pressure gradient
having a component parallel to the magnetic drift velocity
Vinag> as illustrated within the equatorial plane in Figure 1.
The flux of particles per unit area from magnetic (gradient
plus curvature) drift J,,,, can be written as J a0 = f f Vmagd3v,
where Va0 is a function of the velocity space variable v and /'
is the phase space density. Va0, and thus Jy,,, is perpen-
dicular to VV [Wolf, 1983] as shown in the illustration. We
neglect the electric drift, so that Figure 1 can be viewed as
being in the frame of reference of the electric drift. Noting
that V. o< K at a given location, where K is kinetic energy,
we see that the magnitude of the particle flux Jy,e o< P. Thus,
for a pressure gradient in the direction of the magnetic drift
Vmagl, more particles will leave a flux tube than will enter
that flux tube. There thus will be a particle flux divergence
V - Jmae within the flux tube that is proportional to the
component of V,,,,P. When integrated over a flux tube, a
positive (negative) VP leads to loss (gain) of particles
from the flux tube, which is expressed by the middle term of
equation (1).

[6] Since particles are charged, the above particle flux
divergence is also a divergence of perpendicular current.
Such a divergence must be balanced by a field-aligned cur-
rent, as given by the relation between VP x VV and j; in
(1). This relation governs the R2 current system [e.g., Wolf,
1983; Wolf et al., 2007]. Thus it is the divergence driven by
magnetic drift that drives the R2 current systems, upward
field-aligned currents occurring where the divergence is
positive and downward field-aligned currents occurring where
it is negative.

[7] The adiabatic assumption of ideal MHD requires that
the divergence of energy flux Q be zero. However, in ad-
dition to carrying charge, the particles that magnetic drift in
or out of a flux tube carry energy. Thus a divergence of
particle flux corresponds to a divergence of energy flux as
well as to a divergence of perpendicular current [ Heinemann,
1999]. We have that V - Q is roughly proportional to
KinVimagP, where Ky, is thermal energy. This implies that
the divergence due to magnetic drift simultaneously drives
the R2 current system and violation of entropy conservation,
so that the R2 current system can be viewed as a signature of
violation of entropy conservation (except, for a given VP,
in the limit of very low Ky, and very high n).

[8] The effect of V - Q on entropy can be obtained from
the MHD energy equation [Siscoe, 1983]:

d(P\ -V-Q+j -E )
di\n3?) ~  (3/2)n’ @)

where j* and E* are the current density and electric field in
the frame of reference moving with the plasma. The local
entropy parameter P/n> in (2) can be related to the global
entropy parameter per unit magnetic flux PV°> 3 that is often
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Figure 2. Equatorial proton pressure and PV >* along
midnight MLT meridian from the model of Wang et al. [2004b].

used in the study of plasma sheet particle transport [e.g.,
Wolf et al., 2006, 2007] by

d 5/3 spd (P P\ d

dt

As discussed above, a positive V. P leads to (d/df)(nV) <0
and V - Q> 0. Neglecting j* - E* in (2), we see that V - Q>0
gives (d/dfy(P/n®7) < 0. Thus, from (3), we see that such a
pressure gradient will simultaneously give (d/df)(PV *) < 0
in addition to an upward field-aligned current. Similarly, we
see that negative V,,.P leads to (d/dr)(PV %) > 0 and
downward field-aligned currents, thus completing the
description of the equivalence between R2 currents and
violation of entropy conservation.

>R @3)

3. Modeling With Energy-Dependent Magnetic
Drift

3.1. Contribution of Entropy Reduction to Resolution
of Pressure Crises

[v] The physics of energy-dependent magnetic drift is
properly included in the Rice Convection model RCM
[Harel et al., 1981; Toffoletto et al., 2003]. A simplified
version of this model is the Magnetospheric Specification
Model MSM [Freeman et al., 1993]. While this model does
not self-consistently calculated plasma sheet electric field
distribution as does the RCM, this model was combined
with the Tsyganenko 96 model [7syganenko, 1995; 1996]
and the resulting model was modified to give approximate
magnetic field self-consistency with the plasma pressures
[Wang et al., 2002]. Using this model, Wang et al. [2004b]
were able to obtain a stable g)lasma sheet for SMC conditions.

[10] Figure 2 shows PV and P versus equatorial radial
distance along the midnight meridian after a several hours
period of a steady, moderately enhanced cross-polar cap
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potential drop Adpc of 98 kV that lead to a steady state
plasma sheet structure. The model results show that PV°
decreases substantially along the midnight meridian, and
this decrease results from the energy-dependent magnetic
drift. While the plasma pressure increases toward the Earth
within the plasma sheet, the plasma pressure at, for example,
geosynchronous orbit is more than a factor of four lower than
it would be if PV were conserved along the midnight
meridian.

[11] Figure 3 shows comparisons between the Geotail
total pressures (ion plus magnetic pressure) within the
central plasma sheet for quiet and substorm growth phase
conditions from Wang et al. [2004a] and the simulated
proton pressures in the equatorial plane from the Wang
et al. [2004b] model. For this comparison, steady states with
Adpc = 26 kV and 86 kV were chosen to represent quiet
conditions and enhanced convection in the model. Since
SMC conditions are rare, the substorm growth phase was
chosen to represent enhanced convection conditions. In
general the model reproduces well the observed pressure
during quiet times, though the modeled pressures are
slightly higher than most of the measurements at larger
radial distance. The majority of the observed pressures
during the substorm growth phase fall between the modeled
pressures for APpc = 26 and 86 kV. Since this range of
A®pc is typical of those observed during the growth phase
of substorms [Weimer and Akasofu, 1992], we expect most
observations to fall within the two model pressure profiles.
This can be seen to be the case. This shows that, with
energy-dependent magnetic drift and the resultant fall off of
PV>3 with decreasing distance to the Earth, realistic pro-
files of ion pressures are obtained.

[12] To further demonstrate the realism of the model
results, and to demonstrate the magnetic field stretching is
also important to resolving the pressure crises, we show
magnetic field comparisons in Figure 4. The modeled lobe
B, (Figure 4, top) can be seen to increase with decreasing
distance from the Earth and to substantially increase earth-
ward of ~18 R with the increase in convection strength.
Reasonable agreement can be seen with the Geotail mea-
surement both in the radial variations and the change with
convection strength. The modeled B, in the central plasma
sheet (Figure 4, bottom) decreases substantially inside of
11 Rg and increases slightly beyond ~13 Rg with the in-
creased convection strength. The B, observed by Geotail
(beyond 8 Rp) agree in magnitude with the model and show
evidence for the decrease with the increase in convection
that is seen by the model earthward of 11 Rz The data at
and earthward of Xy, = 6.6 Rg are from the geosynchro-
nous GOES spacecraft. While all these data are from the
vicinity of midnight, the points are plotted at the actual
Xgsyr location of their observation, so that all of these B,
measurements should be compared with the model results at
geosynchronous orbit (6.6 Rg). This comparison shows that
the magnitude and change with convection strength of the
modeled central plasma sheet B, at geosynchronous orbit
agrees with those of those observed, which were obtained
during the same quiet and growth phase periods as the
Geotail observations. (Also, since the geosynchronous sat-
ellites are not always near the current sheet, we show their
B, data observations only when |B,| < 20 nT.)
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Figure 3. Comparisons between the Geotail total pressures (ion plus magnetic pressure) within the
central plasma sheet (CPS) for quiet and substorm growth phase conditions from Wang et al. [2004a] and
the simulated proton pressures in the equatorial plane from the Wang et al. [2004b] model for Adpc =

26 kV and 86 kV.

[13] We thus see that both the modeled pressure and
force-balanced magnetic field quantitatively reproduce the
observed plasma sheet under weak and enhanced convec-
tion conditions, and the difference between the two states.
This is quite convincing evidence that the modeled entropy
variation with radial distance is quite reasonable, and that the
reduction in entropy resulting from the energy-dependent
magnetic drift as the plasma sheet plasma convects earth-
ward is indeed of fundamental importance in understanding
the structure of the plasma sheet. Thus this effect, together
with the stretching of the magnetic field shown in Figure 3,
offers a plausible resolution to the pressure crises of
Erickson and Wolf [1980].

3.2. Relation of Entropy Reduction to Region 2
Currents

[14] The above results were obtained with approximate
self-consistency between the magnetic field and plasma. To
consider the R2 currents, we turn to the RCM which in-
cludes an electric field solver that maintains current con-
tinuity simultaneously in the ionosphere and magnetosphere,
thus leading to realistic modeling of both the R2 currents and
the entropy reduction that simultaneously results from the
energy-dependent magnetic drift. We ran the RCM using the
Tsyganenko 96 magnetic field. A time-independent cross-
polar cap potential drop (A®Ppcp) 0f 30 kV was used for 5 h to
reach a steady state quiet time plasma sheet and R2 electro-
dynamical system. We then increased A®pcp abruptly
to 100 kV. The simulation started from a specified MLT-
dependent particle distribution at the model boundary for
weakly northward IMF conditions taken from a detailed
statistical analysis of 11 years of Geotail observations [ Wang
et al., 2007].

[15] Figure 5 shows, from left to right, plasma pressure,
field-aligned current density, and PV, Equipotential con-

tours are also shown in the middle plot, and the field-aligned
currents are in units of ionospheric current density and are
positive upward. A dashed magenta line has been sketched
around the region of substantial (21 pA/m?) upward field
aligned currents. There is a channel of enhanced upward j ;
running approximately along the equipotentials that are
slightly premidnight and reach the inner plasma sheet region
of highest pressures. Within this region, the values of PV
in the right plot slowly decrease with decreasing radial
distance. Four of the equipotential contours from the middle
plot are also shown in the right plot, and the decrease of
PV>" can be seen along the equipotential contours within
the premidnight upward jj; channel. The region of en-
hanced upward j) ; bends toward dawn at X ~ —10 R, and
can be seen to be associated with a substantial reduction in
PV>” in the postmidnight to dawn region. There is a down-
ward field-aligned current region just to the dawnside of mid-
night beyond X ~ —10 Ry, and a very small increase of PV
can be seen along the equipotential contours in this region.
[16] The above association between the R2 field-aligned
currents and entropy is reflected in the modeled pressures.
Substantially lower inner plasma sheet pressure can be seen
along equipotentials that extend through the dawnside
upward j,i region than along the equipotentials that turn
toward the dusk side. Of course, this results in the azimuthal
pressure gradient that drives the upward R2 currents in
this region. The above association with the modeled R2
currents and changes in global entropy and pressure are
quite qualitative. A more quantitative comparison would
require a self-consistent magnetic field model, consideration
of particle losses from charge exchange and precipitation
(included in the RCM and important within the innermost
portions of the plasma sheet) and evaluation of entropy
changes along bulk plasma drift trajectories. However, the
associations discussed here qualitatively illustrate the equiv-
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Figure 4. Comparisons of the (bottom) B, in the equatorial plane and (top) B, in the lobes from the
Wang et al. [2004b] model and the Geotail CPS B, and lobe B, from Wang et al. [2004a].

alence between the R2 currents and the entropy and pressure
structure of the plasma sheet.

4. Relation to Substorm Onset

[17] The auroral brightening at substorm onset is known
to occur within the region of most intense proton precipi-
tation [Samson et al., 1992], typically occurring somewhat
poleward of the peak of this precipitation [Deehr and
Lummerzheim, 2001]. This corresponds to the region of
the Harang electric field reversal, where R2 currents are
associated with equipotentials in the vicinity of midnight
that, with decreasing distance toward the Earth, first bend
toward the dawnward direction and then bend duskward
[Erickson et al., 1991]. Substorm onset has been often
observed to be associated with the Harang reversal [Burch
et al., 1976; Nielsen and Greenwald, 1978; Baumjohann
et al., 1981; Nielson, 1991; Bristow et al., 2001; Hughes
and Bristow, 2003; Gjerloev et al., 2003; Bristow and
Jensen, 2007; Zou et al., 2009].

[18] The above observations place substorm auroral
brightening at X ~ —8 to —10 Ry and within the inner
plasma sheet region of the traditional R2 current system.

This suggests that physics of violation of entropy conser-
vation and R2 currents may play an important role in sub-
storm onset. Furthermore, the auroral brightening at onset is
associated with an enhancement of upward field-aligned
currents. This suggests that there is an enhancement of en-
tropy reduction along onset magnetic field lines in associa-
tion with onset. Consistent with these inferences, the
substorm expansion phase has been observed to be associated
with a reduction in PV within the inner plasma sheet
[Lyons et al., 2003b; Wolf et al., 2006]. Furthermore, radar
observations of ionospheric flows have revealed that sub-
stantial evolution of the electric fields associated with the
Harang reversal occurs in association with substorms [Bristow
and Jensen, 2007; Zou et al., 2009], consistent with the
dynamics of the R2 current system, and thus entropy changes,
playing a significant role.

[19] If, as the above observations suggest, a reduction in
global entropy is indeed a fundamental aspect of expansion
phase physics, it would be important to understand how
such a reduction occurs. At this time, we can only offer some
speculation on this. Looking at the right plot of Figure 5, we
can see the rapid earthward motion of flux tubes associated
with the substorm dipolarization would bring higher-entropy
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Figure 5. Plasma pressure, field-aligned current density, and PV obtained from the RCM. A®pcp =
30 kV was used for 5 h to reach a steady state and then increased to 100 kV at T = 0. The Tsyganenko 96
magnetic field model was used, with IMF B, decreased from 0 to —7 nT at T = 0. The boundary condition
corresponds to Ngw < 6.5 nT, Vgw > 400 km/s, and 0 < IMF B, < 1.5 nT. Results are shown at time
50 min after the enhancement. Results are shown in the equatorial plane. Pressures include both ions and
electrons. In the middle plot, field-aligned currents are in units of ionospheric current density and are
positive upward, and equipotential contours are separated by 6 kV. Four of these equipotentials are also
shown in the left and right plots. The dashed magenta line approximately identifies the region of upward
field-aligned currents and thus also of V - Q > 0. The heavy dashed black line is the model outer
boundary, and the dotted dashed line identifies 10 Rz equatorial radial distance.

flux tubes into the onset region. Only if something reduces
the entropy of the dipolarizing flux tubes could the observed
entropy reduction be explained. Reconnection that reduces
the length of field lines could do this. However, on the
average, substorm reconnection occurs at X ~ —25 Rg
[Nagai et al., 1998; Machida et al., 1999], and the initiation
of entropy reduction appears to occur at the time of initial
auroral brightening. This implies that entropy reduction
occurs prior to substantial earthward displacement of plasma
associated with dipolarization. Furthermore, entropy reduc-
tion via reconnection would first occur near X ~ —25 Ry and
then propagate toward this earthward, whereas auroral bright-
ening occurs first in the near Earth plasma sheet and then
moves to higher-latitude field lines.

[20] An alternative possibility is magnetic drift of ions
from the dawnside, where the right plot of Figure 5 shows
PV?*? is lower in response to enhanced convection than in
the premidnight onset region. Duskward magnetic drift of
plasma from the dawnside could be important for substorms
that are associated with a reduction in the strength of
convection after a growth phase period of enhanced con-
vection, as had been inferred to be the case for many sub-
storms [Lyons et al., 2003a]. However, whether or not this
could be important for entropy reduction associated with
onset depends on the relative effects of the duskward mag-
netic drift and the earthward motion of higher-entropy plasma
from larger radial distances that is associated with magnetic
field dipolarization. Furthermore, this balance will be strongly
affected by the energy dependence of magnetic drift and the
temporal magnetic field evolution.

5. Conclusions

[21] Here we have described how energy-dependent mag-
netic drift in the presence of a pressure gradient in the di-
rection of the drift leads to a divergence of perpendicular

particle flux, and that this leads to violation of conservation
of flux tube particle content. We described how, within the
plasma sheet, this divergence of particle flux should be
expected to lead simultaneously to the divergence of per-
pendicular current that drives the R2 current system and to
significant violation of entropy conservation. On the basis
of our argument that the same energy-dependent magnetic
drift effect leads to the R2 field-aligned current system and
to violation of entropy conservation, we suggested that the
existence of the R2 current system can by itself be viewed
as a signature of violation of entropy conservation. We
qualitatively demonstrated this equivalence using results
from the RCM under enhanced convection. Furthermore,
we indicated how the modeling results of Wang et al.
[2004b] show that the violation of entropy conservation
due to magnetic drift, when taken together with magnetic
field stretching, offers a resolution to the pressure crises of
Ericson et al., 2002].

[22] Finally, we used observational evidence, to propose
that an enhanced rate of entropy reduction and of perpen-
dicular current divergence within the inner plasma sheet,
resulting from particle flux divergence within the vicinity of
the Harang reversal, may be a critical aspect of the substorm
expansion phase. On the basis of this proposal, we sug-
gested that the physics of violation of entropy conservation
and R2 currents may play an important role in understand-
ing the onset of the substorm expansion phase.
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