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Abstract. Self consistent one dimensional hybrid code 
(particle ions, massless electron fluid) simulations are 
used to examine the possible structure and evolution of 
a dipolarizing field reversal in the near earth geotail. 
Here, we run the simulations in both the ion kinetic 
(hybrid) limit, where the ion moments and the elec- 
tromagnetic fields are all well resolved on ion Larmor 
scales, and the quasi- MHD limit, where all ion trajec- 
tories are still fully resolved but the ion moments are 
taken, and the electromagnetic fields are advanced on 
spatial scales larger than the gyroradii of the ions. One 
simulation selfconsistently includes the ion current and 
density resolved on ion Larmor scales whereas the other 
does not; both simulations have sufficient bandwidth to 
well resolve all the low frequency wave modes expected 
from kinetic (in the hybrid case) or 2 fluid (in the quasi- 
MHD case) theory. It is shown that the evolution of 
the electromagnetic field and ion pressure tensor are 
markedly different in the two cases. The results suggest 
that the selfconsistent quasi- MHD solution obtained in 
this way cannot be obtained from a coarse graining of 
the full kinetic (hybrid) selfconsistent solution. 

1. Introduction 

Selfconsistent simulations are now widely used to 
study magnetospheric boundary layers and structures. 
The set of equations used, and hence the solution ob- 
tained, depends on the a priori choice of the spario- tem- 
poral scales to be represented. Another approach, used 
for example in the geotail, is to integrate large numbers 
of single particle trajectories in prescribed fields that 
are obtained from either global empirical models [e.g. 
Ashour-Abdalla et al., 1994] or from MHD simulations 
[e.g. Joyce et al., 1995]. This has the advantage that 
the region where ions are accelerated is connected to a 
global system, but the disadvantage of non selfconsis- 
tency in the sense that the the bulk plasma moments 
(number density n, ion current J i, ion pressure 7vi) of 
the evolving ion f(v) do not contribute.to the fields on 
ion Larmor scales. Here we examine this a priori as- 
sumption: that solutions of this type can be adequately 
obtained without resolving selfconsistency on ion Lar- 
mor scales. The simple example used here is localized 
"dipolarization" in the near earth geotail. The initial 
condition of the simulation is out of equilibrium: the 
magnetic field reverses smoothly and symmetrically in 
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an isotropic plasma. Subsequently the magnetic rever- 
sal relaxes (dipolarizes) as there is insufficient paral- 
lel plasma pressure to maintain equilibrium. Hybrid 
code simulations of this system [Richardson and Chap- 
man, 1994] show that ions are accelerated giving a non 
isotropic ion pressure tensor and a cross tail (GSE y 
directed) magnetic field component is generated which 
is also seen in hybrid simulations of rotational disconti- 
nuities [e.g. Lin and Lee, 1993]. 

2. Simulation Details 

The hybrid scheme used here [Terasawa et al., 1986] 
represents the ion f(v) with an ensemble of compu- 
tational particles that follow trajectories prescribed by 
the Lorentz force law; the change in positions and ve- 
locities of these computational particles are resolved on 
scales determined by the simulation timestep At. At 
each timestep the ion number density and current den- 
sity n•, J• are obtained by taking moments of the com- 
putational particle ensemble onto the simulation grid 
and are hence resolved at the grid spacing Ax (and for 
numerical stability a Courant condition is also satisfied 
i.e. Ax > cat where c is the velocity of the fastest 
wave mode in the simulation). The fields are then 
advanced on the simulation grid using quasi- neutral- 
ity, the "massless" electron fluid momentum equation 
where the inertial term has been neglected (and with 
P• = nkT•, T• constant), and Maxwell equations at low 
frequency (displacement current term neglected). At 
the next timestep the fields on the grid are then extrap- 
olated to the particle positions to advance the particle 
trajectories. 

The two simulation runs shown here have identical 

bulk plasma parameters and time resolution (in terms 
of the ion Larmor period) differing only in the spatial 
resolution of the simulation grid. In the hybrid case, 
Ax << R• the thermal ion gyroradius in the back- 
ground field: the fields are advanced using currents re- 
solved on scales << R• and the ions experience changes 
in the fields as they move several Ax in a single gyra- 
tion about the field. In the MHD scale case, Ax > R•: 
the field advance does not include spatial variations in 
the current on ion Larmor scales and the ions experi- 
ence little change in the fields as they remain within a 
single grid cell Ax as they gyrate about the field, only 
being carried from one cell to the next by field aligned 
or drift motion of the guiding centre. In both cases 
the bandwidth of the simulation is sufficient to well re- 

solve the expected low frequency modes (e.g. Krauss- 
Varban et al. [1994]) which are not identical in the 
kinetic and the quasi- MHD limits. The physical pa- 
rameters for both simulations are: v•,•fto• = 0.1V•,•, 
(V•,• is the Alfven speed in •) /3• = 0.1, T• = 0.1T•, 
n- 0.2cm -•, B• = 20nTand B• = 2nT. The code 
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Figure 1. Geometry of the simulation. 

Direction of 
variation 

parameters are: Az -- 1/10Rgi (O.03C/Wpi) in the hy- 
brid case and Az = 2Rgi (0.65C/Wpi) in the MHD scale 
case; At = 1/1630rgi in both cases; the simulation 
box has 4096 grid cells in the hybrid case and 512 in 
the MHD scale case; 100 computational particles per 
cell are used in both cases and the simulations have 

a bandwidth of 0.055 < k < 111.6(C/Wpi) -1 (hybrid 
case) and 0.019 < k < 4.8(c/wpi) -1 (MHD scale)with 
0.1 < w < 800fl• • in both cases. 

The initial and boundary conditions are identical, the 
ion distribution is initially isotropic, has weak inflow 
towards the centre z = z0 and is spatially uniform, 
Bx = Bxotanh((z-zo)/L), (L = 1.95c/COpi) By = 0, the 
electric field then evolves selfconsistently. The bound- 
aries are wave and particle absorbing. The geometry 
of the one dimensional simulation is shown in Figure 1. 
All scalars and vector components are retained but vary 
in the one space direction (•) directed across the rever- 
sal, and time. The field threading the reversal at t = 0, 
Bz, is constant (V. B = 0) in this one dimensional ge- 
ometry. All waves then propagate in q-•, and the VB 2 
magnetic pressure acts along q-• to contain the plasma 
in the weak field region at the centre of the reversal, 
whereas the (B. V)B curvature force acts perpendic- 
ular to the direction of variation and accelerates the 
plasma. The electric field in the simulation frame is: 

J A B V. 7•e Cei 
r, - -v i ^ B I 

ne ne ne 

for single ion and electron fluids in the hybrid limit and 

E - -v ^ B + (2) 

for MHD. In the MHD limit v - v i in (2) so E differs 
by a term of order J A B/he in the hybrid and MHD 
cases. We will see however that the principal differences 
in the two solutions are characterised by differences in 
v i A B, which is large compared with J A B/he. 

3. Results 

The bulk parameters and ion phase space for the two 
simulations are shown in Figure 2 (hybrid) and Fig- 
ure 3 (MHD scale) plotted versus direction of varia- 
tion across the reversal z. In both cases the central 

512 cells of the simulation box are shown correspond- 
ing to 46 Rgi (14.4c/wpi) for the hybrid run and 1026 

Rgi (329.6C/Wpi) for the MHD scale run. The param- 
eters are shown for t = 9.8rgi, sufficiently late in the 
simulations to correspond to the "post escape" phase 
in the hybrid solution [Richardson and Chapman, 1994] 
when the ions escape from the reversal and can be seen 
to be moving towards the boundaries. 

Electromagnetic Fields: From early times in the 
hybrid solution a bipolar B u component evolves as the 
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Figure 2. From top to bottom: V• phase space for left 
and right entering ions (kms -•) (lines indicate where 
f(v) is taken for Figures 4, 5), Ez, Ey (mVm-•), B• 
(solid) and By (dashed) (nT), number density of the 
left (solid) and the right (dashed) entering ions (cm-3), 
normalized J^B components (.103), z component of the 
ion bulk velocity (kms -•), V i ̂  B (solid lines) and J ̂  
B/he (dashed lines) components (mV/m), bulk velocity 
x and y components V• (solid) and V (dashed) (kms -•). 
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Figure 3. As for Figure 2 but for the MHD scale case. 
The double dashed bar indicates the full size of the hy- 
brid case simulation box, the single dashed bar indicates 
the size of the region shown in Figure 2. 

magnetic pressure/ion inertial length). In both cases 
this term is significant only in the central reversal re- 
gion so that it does not act on the ions once they have 
escaped from this region in the hybrid case. The z com- 
ponent then corresponds to VB 2 in (1) and acts to con- 
tain the plasma in the reversal and the x (and in the 
hybrid case, also y) components correspond to the cur- 
vature force that accelerates the plasma. Although the 
magnitude of J A B is about 20 times smaller in the 
MHD scale case, in physical units the width of the cen- 
tral reversal at this time is about 20 times larger, hence 
the rate of delivery of momentum from the relaxing B 
field to to the plasma over the entire simulation box is 
the same in both simulations. 

Ion Distribution Functions: The difference in the 

ion dynamics in the two cases can be seen in the top 
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magnetic field rotates out of the x, z plane across the re- 
versal. The MHD scale solution does not develop signifi- 
cant By i.e. the magnetic field remains in the x, z plane. 
In both cases the B= component reverses sharply in a 
central region where the density is strongly enhanced 
and is slightly depressed in a region just outside. This 
depression in B= just outside the reversal is physically 
different in the two solutions, however. In the hybrid 
case, B• is depressed as the local density is increased by 
the ions escaping from the reversal. In the MHD scale 
case, the local density is decreased in this region, ac- 
companied by an increase in the vz component of bulk 
velocity into the reversal and an accompanying signa- 
ture in E• - -vzB•. This compressional mode has• an 
analogue in the hybrid solution in the form of a fast 
mode wavepacket which is generated at early times and 
which has moved out of the simulation box. A bipolar 
E• (with corresponding (v i A B)•) evolves in the hybrid 
case over a region occupied by the escaping ions. The 
E• component (not shown) is within the noise levels of 
the simulations in both cases. The terms v i A B and 
J A B/ne are plotted on the same scales for comparison 
and at this stage in the simulations the v i A B term 
dominates, that is, the J A B/ne term in equation (1) 
does not account for the differences in E in the hybrid 
and MHD scale solutions. 

Bulk Plasma Acceleration: The components of 
J ^ B are also shown on Figures 2-3 (normalized to x 
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Figure 4. Ion f(v) in the reversal centre for the MHD 
scale case (A, B) and hybrid scale case (C, D). Vpar, 
Vperpl, Vperp2 (vii , Vñl, vñ2) form a right handed or- 
thogonal cartesian coordinate system (see text). Vx, 
Vy, Vz correspond to GSE. Va,x is the Alfven speed in 
the B= field. The logarithmic grey scale ranges from 
! computational particle per pixel (light grey) to .-. 50 
computational particles per pixel (black). 
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Figure 5. Ion f(v) from a region outside the reversal 
for the MHD scale case (A, B) and the hybrid scale case 
(C, D), same format as FigUre 4. 

panel of Figures 2 and 3 which shows vx of individ- 
ual computational particles versus z. Distribution func- 
tions have been plotted for the regions marked with the 
vertical lines, inside (Figure 4) and outside (Figure 5) 
of the reversal. These show projections of the distri- 
bution in the wit, vii plane and the vñ],vl2 plane, at 
t = 0 and at th e time shown in Figures 2 and 3 (with 
vii directed along the local B, viz lies in the x, z plane 
and vii , vii, vl2 form a right handed cartesian coordi- 
nate system). The t • 0 distributions are also shown 
Plotted in vx, vy, vz space, corresponding to the approx- 
imately GSE coordinate system of the simulation (see 
Figure 1). •om Figure 4 we see that inside the rever- 
sal the MHD scale solution (A,B) is characterised by 
an isotropic ion distribution throughout the run which 
is heated to maximum thermal speed .• V• and which 
has a cross field bulk motion of .• 0.5V• in the +x di- 

rection. In the hybrid case (C, D) the ion f(v) is heated 
more strongly along the field and has a cross field drift 
in both x and y which is higher also .• 0.5- 1V•. Just 
outside of the reversal (Figure 5) in the MHD scale case 
(A, B) the ion f(v) is almost unchanged from the input 
distribution, it has the same temperature and a cross 
field drift, in +z (this distribution is taken in the region 
where there is significant Ey). In the hybrid case (C, 
D) the escaping ions can be clearly seen, moving out of 
the reversal along the field with up to .• 2V•. In a suf- 
ficiently large simulation box this unstable distribution 
would ultimately thermalize. 

4. Conclusions 

For a simple dipolarizing reversal, we have found 
that important features of the hybrid solution cannot 
be "coarse grained" to yield the MHD scale solution. 
It should be stressed that the details of these results 

will differ for different systems, or in more realistic 
geometries (allowing quantities to vary in three space 
coordinates). Nevertheless this example demonstrates 
the importance of resolving selfconsistently on ion Lar- 
mor scales a plasma configuration that energizes the 
ions. This has relevance in particular for recent stud- 
ies of ion energization and predictions of the ion distri- 
bution function in the geotail that involve integrating 
large numbers of test particle trajectories in prescribed 
fields obtained on MHD scales (i.e. larger than ion gy- 
roscales), either from phenomenological field models or 
from the output of MHD codes. 
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