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Abstract. A two-dimensional global hybrid simulation is carried out to study 
the structure of the magnetopause boundary layer in the noon-midnight meridian 
plane associated with the dayside reconnection. In the simulation the bow shock, 
magnetosheath, and magnetopause are formed self-consistently by supersonic 
solar wind passing the geomagnetic field. The dayside reconnection is triggered 
by imposing a current-dependent resistivity at the subsolar magnetopause. A 
large-amplitude rotational discontinuity is formed in the quasi-steady reconnection 
layer in the northern and southern hemispheres. The rotational discontinuity 
possesses an electron sense, or right-hand polarization in the magnetic field as 
the discontinuity is formed from the X line, and the magnetic structures in the 
magnetopause northward and southward of the X line are asymmetric in the cases 
with a nonzero By component of the interplanetary magnetic field (IMF). However, 
later the rotational discontinuity tends to evolve to a structure with a smallest 
field rotational angle and thus may reverse its sense of the field rotation. The 
Wa16n relation is tested for electron and ion flows in the magnetopause rotational 
discontinuities with left-hand and right-hand polarizations. Field-aligned currents 
are generated in the magnetopause rotational discontinuity during the reconnection, 
and nearly 5% of the magnetopause currents propagate with Alfv•n waves along 
the field lines into the polar ionosphere. In addition, a weak secondary rotational 
discontinuity or Alfv•n wave pulse propagates from the reconnection site into the 
magnetosphere. The sense of the field-aligned currents is investigated for various 
values of the IMF By. The Hall effects on the structure of the magnetopause 
boundary layer and the field-aligned currents are discussed. 

1. Introduction 

Reconnection of magnetic field lines from the mag- 
netosheath and the magnetosphere can take place at 
the magnetopause where an antiparallel magnetic field 
component is present across the magnetopause current 
sheet. Magnetid reconnection is believed to be one of 
the most important mechanisms for the transfer of the 
mass, momentum, and energy from the solar wind to 
the Earth's magnetosphere [Dungey, 1961; Vasyliunas, 
1975]. Transient reconnection events such as the flux 
transfer events (FTEs) have often been observed at the 
magnetopause [e.g., Russell and Elphic, 1978]. 

Quasi-steady magnetic reconnection generates an out- 
flow region known as the magnetic reconnection layer. 
Theoretical models show that various types of MHD 
discontinuities may exist in the dayside reconncction 
layer [Levy et al., 1964; Heyn et al., 1988; Lin and Lee, 
1994a], including rotational discontinuities, slow shocks, 
and slow expansion waves. A large-amplitude rotational 
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discontinuity, through which the magnetic field changes 
its direction from the magnetosheath to the magneto- 
sphere, at the magnetopause and the associated flow 
acceleration/deceleration due to the magnetic tension 
force have indeed been found in many satellite observa- 
tions at the subsolar magnetopause [Paschmann et al., 
1979; $onnerup ½t al., 1981; Nakamura et al., 1996], the 
high-latitude magnetopause [Gosling et al., 1991; Kessel 
et al., 1996; Scudder et al., 1999; Fuselief et al., 2000; 
Russell et al., 2000], and the flanks of the magnetopause 
[Gosling et al., 1986]. A slow expansion fan-like struc- 
ture is found to be attached to the magnetopause ro- 
tational discontinuity on the magnetospheric side. The 
existence of the rotational discontinuity and the associ- 
ated flow acceleration have been considered major ev- 
idence for the occurrence of magnetic reconnection at 
the magnetopause. Slow shocks, however, have seldom 
been observed at the magnetopause because of the free 
ion mixing along the field lines [Lin and Lee, 1994a]. Re- 
cent observations by Phan et al. [2000] provide strong 
evidence for the existence of a stable extended equa- 
torial X line along the dayside magnetopause during 
periods of strongly southward interplanetary magnetic 
field 
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Theoretical studies also indicate that there, in gen- 
eral, exist two rotational discontinuities in the recon- 
neetion layer [e.g., Lin and Lee, 1994a]. In addition 
to the primary magnetopause rotational discontinuity, 
which is hereinafter referred to as RD1, there may be a 
secondary rotational discontinuity, referred to as RD2, 
or Alfv•n wave propagating on the magnetospheric side. 
Near the subsolar region, the strength of RD2 is much 
weaker than that of RD1 and decreases with the ion 

density on the magnetospheric side of the magnetopause 
boundary layer. 

The structure of the dayside reconnection layer has 
been studied in one-dimensional (l-D) simulations of 
the Riemann problem [Lin and Lee, 1994a, 1994b; Omidi 
and Winske, 1995] and two-dimensional (2-D) MHD 
[Scholer, 1989; Shi and Lee, 1990; Lin and Lee, 1999] 
and hybrid [Lin and Xie, 1997; Krauss-Varban et al., 
1999; Nakamura and Scholer, 2000; Xie and Lin, 2000] 
simulations. In these 2-D simulations of the reconnec- 

tion, however, the simulation domain contains only a 
small portion of the magnetopause near the reconnec- 
tion X line, and the magnetosheath and the magneto- 
spheric conditions are chosen artificially. 

In this paper, we present the first 2-D global hybrid 
simulation of the structure of the dayside reconnection 
layer associated with quasi-steady reconnection, which 
corresponds to an extended reconnection X line along 
the equatorial magnetopause [e.g., Phan et al., 2000]. 
Although there have been global simulations of dayside 
reconnection using MHD or hybrid particle models [e.g., 
Ogino et al., 1986; Fedder and Lyon, 1987; Omidi et 
al., 1998], the structure of discontinuities in the magne- 
topause boundary layer on the global scale has not been 
investigated in kinetic simulations. In our simulation 
the bow shock, the magnetosheath, and the magneto- 
sphere form self-consistently. The effects of a finite By 
component in the interplanetary magnetic field (IMF) 
are simulated. 

The sense of the field rotation through the magne- 
topause rotational discontinuity determines the sense 
of field-aligned currents generated at the magnetopause 
current layer. It was suggested by Lee et al. [1985], 
Saunders [1989], and Lin and Lee [199ac] that the 
leakage of the field-aligned currents from the magne- 
topause rotational discontinuities or Alfv•n waves can 
lead to the generation of traditional cusp/mantle field- 
aligned current system. Observations at the magne- 
topause by Sonnerup and Cahill [1968] indicated that 
the sense of the magnetic field rotation across the mag- 
netopause may depend on the normal component of 
the field and is in opposite sense above and below the 
magnetic equator. On the other hand, observations 
by Berchem and Russell [1982] showed that the mag- 
netic field rotates from the magnetosheath direction to 
the magnetospheric direction by the shortest angular 
path. While most of satellite magnetopause crossings 
show that the magnetic field rotation follows the short- 
est path through rotational discontinuities, a large field 

rotation of •195 ø appeared in the rotational disconti- 
nuity observed by a magnetopause crossing of OGO 5 
[Sonnerup and Ledley, 1979]. An example of >270 ø field 
rotation was also found at the Uranian magnetopause 
[Russell et al., 1989]. Satellite observations also indicate 
that field-aligned currents are carried by Alfv•n waves 
along magnetic flux tubes of reconnection [Saunders et 
al., 1984]. MHD simulations [e.g., $ato et al., 1984; 
Scholer and Otto, 1991; Ma et al., 1995; Ma and Lee, 
1999] show the generation of field-aligned currents by 
reconnection in the magnetotail or transient reconnec- 
tion at the magnetopause. In this paper, the generation 
of field-aligned currents at rotational discontinuities in 
collisionless plasmas and their propagation to the high- 
latitude ionosphere are investigated on a global scale. 

The outline of the paper is as follows. The simulation 
model is given in section 2. The simulation results of the 
dayside reconnection are shown in section 3. Finally, a 
summary is given in section 4. 

2. Simulation Model 

The 2-D (0/0y - 0) simulation is carried out in the 
noon-midnight meridian plane, in which the x axis is 
assumed to be along the Sun-Earth line and pointing 
to the Sun, and the z axis is pointing from the south 
to the north. A polar coordinate system is used in the 
simulation; this system consists of the radial distance 
r in the xz plane and the polar angie 0 - tan-X(x/z). 
The Earth is located at the origin (x, z) - (0, 0). The 
simulation domain is within the region with 1 RE < 
r < 24 RE and 0 ø _< 0 _< 180 ø. The inner boundary at 
r- 1 RE corresponds to the surface of the Earth. 

The 2-D hybrid code adapted in this study was devel- 
oped by Swift [1996]. In the hybrid code the ions (pro- 
tons) are treated as discrete particles, and the electrons 
are treated as a massless fluid. Quasi-charge neutrality 
is guaranteed in the simulation. The equation for ion 
motion is given by 

dvi 
dt 

: E + vixB - y(Vi - Ve), (1) 

where vi is the ion particle velocity, E is the electric 
field in units of ion acceleration, B is the magnetic field 
in units of the ion gyrofrequency, y is the collision fre- 
quency which is used to model the resistivity at the X 
line, and Ve and Vi are the bulk flow velocities of elec- 
trons and ions, respectively. The particles are advanced 
at exact spatial locations, while the field quantities, the 
number densities, and the velocity moments are calcu- 
lated at cell grids. The ion bulk flow velocity at each cell 
grid is calculated by summing weighted particle veloci- 
ties around the grid. The electron momentum equation 
for a zero electron pressure is written in the form 

E--V•xB-v(V•-Vi). (2) 

The electron flow speed is evaluated from Ampere's law, 
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VxB 

aN 

where the charge coupling constant • - (47re2/mic2), e 
is the electron charge, mi is the ion mass, and N is the 
ion number density. The magnetic field is advanced in 
time from Faraday's law 

OB 
= -V x E, (4) 

ot 

where the electric field is calculated from (2). 
The ion gyrofrequency l•o in the solar wind is cho- 

sen to be 1.0 s -1, where l•o - eBo/rai, and Bo is the 
magnitude of the IMF. This value of •o corresponds 
to an IMF Bo • 10 nT. The number of ion particles 
per R• in the solar wind is chosen to be No - 1000. 
In the calculation the charge coupling constant • is 
chosen as a scaling parameter. The ion inertial length 
•ko - C/•piO - 1/v/No•, where •piO is the ion plasma 
frequency, is chosen to be 0.16 RE. The Alfvdn speed 
in the solar wind is Vno - 0.16/•ES -1. The ion plasma 
beta is chosen to be •o - 0.5 in the solar wind. Note 
that the above values of the ion inertial length and the 
Alfv•n speed are 10 times the values in the real solar 
wind. These values are chosen to accommodate realis- 

tic computing resources. In our simulation a total of 
2,000,000 particles is used. We have also run the sim- 
ulation for a smaller value of •0 and found that the 
structure of the bow shock and the magnetopause are 
nearly unchanged when scaled to the ion inertial length 
and the Alfv•n speed. 

In our simulation the grids are uniformly distributed 
in the 0 directions for each radial shell, with a total 
of 142 grid points. Nonuniform grid sizes Ar are used 
in the r direction, with denser grids near the magne- 
topause boundary region. The grid size Ar -0 0.05 RE 
from r -- 9.5 RE to 12.5 RE, while in other areas, Ar 
is also less than the local ion inertial length. The time 
step of particle advance is At -- 0.0212•1. The advances 
of particle velocities and magnetic field are accurate to 
second order in both time and space [Swift, 1996]. The 
most serious source of errors arises from the finite par- 
ticle number n per ceil, which causes the fluctuations of 
physical quantities by an amplitude of -,• 1/x/-• on the 
scale of grid size. About 100-200 particles are used in 
each cell in the magnetosheath and the magnetopause 
to assure a reasonable statistical results. In addition, 
the conservation of total energy in the simulation do- 
main is also checked, and it is also accurate to second 
order in time. 

Initially, the solar wind density and the IMF are as- 
sumed to be uniform in r > l0 RE. The z component 
of the IMF is negative (southward), and a finite y com- 
ponent IMF, Byo, is also assumed. A 2-D dipole field 
plus an image dipole occupies the geomagnetic region 
with r < l0 RE. The dipole moment corresponds to a 
magnetic field of 50 nT at the magnetopause. An initial 
particle density of --•200 R• 2 is assumed on the magne- 

tospheric side of the magnetopause. The initial ion tem- 
perature is assumed to be isotropic, with Tin0 - 100T0, 
where Tmo and To are the initial temperatures in the 
magnetosphere and the solar wind, respectively. In ad- 
dition to the ion particle dynamics described above, 
a cold, dense fluid population occupies the magneto- 
spheric region of r < 6 RE to represent the dense 
plasma in the inner magnetosphere [Swift, 1996]. Since 
the electron temperature is much less than the ion tem- 
perature in the magnetosheath and the magnetosphere, 
in our study the electron temperature is assumed to 
be zero for simplicity. Recent particle and Hall-MHD 
simulations indicate that the reconnection rate is insen- 

sitive to the triggering mechanisms, in which the elec- 
trons play an important role, that break the frozen-in 
condition [e.g., Shay et al., 2001]. While the structure 
near the X line is on the scale of electron inertial length, 
the structure of the outflow region is dominated by the 
ion physics on the scale of the ion inertial length. Pre- 
vious simulations also show that the overall structure 

of the magnetopause rotational discontinuity is nearly 
not affected by the electron temperature and a small 
resistivity [e.g., Lee et al., 1989]. 

The inflow speed 1/0 of the solar wind is assumed to 
correspond to the magnetosonic Mach number MA = 
l/0/l/A0 -- 5. In the simulation the solar wind flows 
along the -x direction from the front side semicircular 
boundary at r - 24 RE and convects the IMF B0 into 
the simulation domain. Outflow boundary conditions 
are used at the two straight-line polar axes at 9 - 0 ø 
(north) and 9 - 180 ø (south). The bow shock, the 
magnetosheath, and the magnetopause boundary are 
formed first by the interaction between the supersonic 
solar wind and the magnetopause, and then a current- 
dependent collision frequency is imposed at the region 
with r-10 REI < 1.5 RE and 16t-90ø1 • 1.3 ø in 
the subsolar magnetopause current sheet to trigger the 
reconnection. No resistivity is applied for other regions 
in the simulation domain. The collision frequency • 
near the subsolar magnetopause is given by 

. - o.o4olJ(r, O)/Jol, 

where J is the electric current density and J0 -- 
Bo/(/•oAo). In the simulation the average value v at the 
subsolar magnetopause is 0.151]s, where l]s is the ion 
gyrofrequency in the magnetosheath region just outside 
the magnetopause. The study conducted in this paper 
corresponds to a single, long X line along y. For most 
of the cases shown in this paper the initial half width 
of the magnetopause current sheet is 0.1 RE. A case 
with a much thinner magnetopause is also shown. The 
ion collision frequency is 0.1-1 ion gyrofrequency in the 
magnetosheath, and thus the Lundquist number based 
on the magnetosheath AlfvSn speed and the ion iner- 
tial length is -,•1-10. A perfect conducting boundary 
is assumed at the ionospheric boundary at r = 1 RE. 
Our study will concentrate on the physics of the magne- 
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topause boundary layer. The effects of the ionosphere 
on the magnetopause currents will not be discussed in 
this paper. 

The normalization of physical quantities in the pre- 
sentation is as follows. The magnetic field B is normal- 
ized to the IMF B0, the ion number density N is nor- 
malized to the solar wind density -No, the flow velocity 
V is normalized to VA0, and the time t is normalized to 
l)• -1. The spatial coordinates are expressed in units of 
RE. The electric current density J is normalized to J0. 

3. Structure of the Magnetopause 
Reconnection Layer and Generation of 
Field-Aligned Currents 

We show the simulation results of five cases. In case 1 

the IMF By0 - 0. In cases 2, 3, and 5, By0 > 0. Results 
for By0 < 0 are shown in case 4. Note that in the 2-D 
simulation the Bz component of the magnetic field piles 
up in front of the subsolar magnetopause before being 
removed by the reconnection, while the By component 
convects away with the flow velocity Vz. Therefore, in 
the cases with Byo • 0 the ratio between the By and 
B z in the magnetosheath in our 2-D model is smaller 
than that in the 3-D situation. 

Figure 1 (left) shows the results of case I at t = 
40f• 1. Figure la shows the magnetic field lines in the 
xz plane plotted on top of the contours of the field mag- 
nitude B in the logarithm scale. Figures lb and lc show 
the contours of By component and ion nurnber density 
N, respectively. Figure ld shows the ion flow vectors 
and the contours of the ion flow speed in the x z plane. 
Figure le shows the contours of the field-aligned cur- 
rent density JIl' All the contour plots are in gray scales, 
with the black representing the maximum contour levels 
plotted and the white representing the minimum levels. 
For By and Jll, the dark shading represents positive val- 
ues and and the light shading represents the negative 
values. The heavy semicircles at r = 1 RE and 24 RE 
mark the boundaries of the simulation domain. 

An X line has formed near the subsolar magnetopause 
at r • l0 RE, and the reconnected field lines are car- 
ried northward and southward by the plasma flow. Two 
transient plasmoids (closed field line loops) are seen in 
the northern and the southern hemispheres, as shown 
in the field line plot. The bow shock occurs at a stand- 
off distance of .-•18 -RE, across which the magnetic field 
is enhanced and the flow turns to the latitudinal direc- 

tions around the magnetopause. The half width of the 
magnetopause current layer is 3/ks near the subsolar 
region, where/ks is the ion inertial length in the magne- 
tosheath just in front of the magnetopause, but is much 
larger in the plasmoid regions. Behind the plasmoids, 
negative and positive By fluctuations are present in the 
northern and the southern magnetopause boundary lay- 
ers, respectively. The presence of the finite By oscilla- 
tions is due to the Hall effects associated with the finite 

ion Larmor radii [$onnerup, 1979]. In the opened mag- 

neropause regions, where the magnetospheric field lines 
are connected with the magnetosheath field lines, the in- 
cident ions and electrons from the magnetosheath can 
penetrate across the magnetopause. Considering that 
the ion mass is much larger than the electron mass, we 
can ignore the electron inertial effects. In the boundary 
layer region the field lines have a radius of curvature 
comparable with the ion Larmor radii, and the incident 
ions are slowed down and lag behind the electrons. This 
finite ion Larmor radius effect results in a negative and 
positive JII in the northern and southern hemispheres, 
respectively. The Hall current loops in the x z plane re- 
suit in a finite By. The maximum By in the current 
layer can be estimated as 

By •/•o JII A, (6) 

where A is the width of the magnetopause current layer. 
As seen from the Jll contours, the negative and posi- 
tive parallel currents exist throughout the northern and 
southern current layers, respectively, in which the field 
lines are twisted. These current layers behind the lead- 
ing plasmoids are essentially a rotational discontinuity 
(large-amplitude Alfv•n wave) whose upstream is on the 
magnetosheath side, as to be discussed below. The Hall 
currents and the associated By structure discussed here 
are present at the kinked field lines, which convect with 
the plasma outflows ejected by the magnetic tension 
force, in the reconnection layer. Since the particle den- 
sity in the magnetosphere is much less than that in the 
magnetosheath, the By and JII patterns in the mag- 
netopause are dominated by the Hall effects associated 
with the magnetosheath particles. The Hall effects asso- 
ciated with the finite ion inertia, or the dispersive struc- 
tures, of discontinuities or laminar shock waves may be 
obtained by two-fluid models [e.g., Tidman and Krall, 
1971; Lyu and Kan, 1989], but the Hall-MHD models 
are only approximately corresponding to the situation 
when ion/• approaches zero. The effects of individual 
particles are not included in the two-fluid models. 

Figure 1 (right) presents the results at t = 85f• 1, 
which is 65f•-1 after the reconnection takes place, when 
a quasi-steady reconnection layer has formed in the en- 
tire dayside magnetopause boundary layer. The tran- 
sient bulges of the magnetic field have convected tail- 
ward out of the domain. The magnetopause has moved 
closer to the Earth because of the corresponding mag- 
netic flux removal. A large-amplitude rotational dis- 
continuity, RD1, has formed in the entire dayside mag- 
netopause, which is associated with the sharp kinks in 
the field lines across the boundary layer and a flow ac- 
celeration by the field tension force. The negative and 
positive By perturbations are seen in RD1 in the north- 
ern and southern hemispheres, respectively. In previous 
1-D hybrid simulations by Lin and Lee [1994a] an in- 
termediate shock is found to exist in the reconnection 

layer in the cases with By - 0 in the magnetosheath 
and the magnetosphere. In the present simulation the 
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Figure 1. Simulation results of case 1, with By0 - 0, at (left) t - 40f• 1 and (right) t -- 85• -1 
(right). The positive x points to the Sun, and +z points to the north. (a) Magnetic field lines in 
the xz plane and gray scale contours of the field magnitude B in the logarithm scale. (b) Contours 
of By. (c) Contours of ion particle number density N. (d) Ion flow vectors and contours of the 
ion flow speed in the xz plane. (e) Contours of the field-aligned current density Jll' 

spatial resolution is not high enough to distinguish the 
quite similar kinetic structures of intermediate shock 
and rotational discontinuity. The magnetic structure 
of the rotational discontinuity can be seen in the mag- 
netic field hodograms shown below. The front of RD1 

extends toward the tail side out of the domain and is 

expected to bound the plasma mantle. 
As to be described later in this section, the struc- 

ture of RD1 can be identified at distances far enough 
from the X line. At these distances the By component 
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first grows to a large amplitude as RD1 forms and then 
oscillates around the finite amplitude. A near circu- 
lar polarization in the tangential (By and Bo) magnetic 
field in RD1 occurs at a frequency of 0.2-1f•8, where 
f•8 is the ion gyrofrequency near the magnetopause. A 
maximum coherence of 0.7-0.8 between By and B• also 
occurs at the oscillation around these frequencies. For 
the reconnection layer outside the diffusion region the 
resistive term in the electric field equation (2) can be 
ignored. From the Faraday's law, the time variation 
in By with a wave frequency near f•s is found to be 
mainly balanced by the •-derivative of the first-order 
electric field •/• • (-•By •- B•y). In addition, 
the discontinuity RD1 is found to slowly oscillate in the 
Earth frame with a frequency of • 0.01f•s • 0.04•0. 
The maximum power of the magnetic field perturba- 
tion also occurs at this frequency. Considering that the 
global spatial scale is •10/•E and the convection speed 
is approximately the magnetopause Alfv6n speed 
this oscillation frequency is nearly the frequency asso- 
ciated with the global convection. 

The negative (positive) By is also seen in the northern 
(southern) cusp region. Corresponding to the By struc- 
tures, field-aligned currents with Jll < 0 (JII > 0) are 
seen in the northern (southern) current layer and cusp. 
Note that JII in the magnetopause RD1 are nearly the 
total currents in it. By tracing their paths the Alfv6n 
wave-like perturbations and the associated field-aligned 
currents in the low altitudes are found to originate from 
the magnetopause rotational discontinuities during re- 
connection. At ionospheric altitudes, JII is, of course, 
much stronger due to mapping effects. Enhanced ion 
precipitation also appears in the cusp magnetosphere, 
as seen in the density contours and the ion flow plot. 
The actual maximum JII in the domain is •0.8J0, and 
the minimum is •-0.?•0, both of which are located in 
the magnetopause current layer. For B • l0 nT and 
n • 5 cm -3 in the solar wind the normalization scale 
for J0 • 5 x 10-7Am -2. Near cusp ionospheric bound- 
aries, JII • 0.3J0. In the 2-D model the ionospheric 
current density through the •/• plane can be mapped 
to the inner boundary of the magnetopause by a factor 
of V/BM/B! • V/(1 ]•E)2/(10 ]•E)2 _ 0.1, where 
and B• are the magnetic field strengths at the mag- 
netopause and the ionosphere, respectively. This fac- 
tor corresponds to a current density of 0.03J0 from the 
magnetopause. Therefore, for JII • 0.5-0.8J0 in the 
magnetopause, nearly 4-6% of the magnetopause cur- 
rents has propagated into the ionosphere. In the 3-D 
magnetosphere the B field and the cross-section area 
of flux tubes vary as r -3. This percentage of the mag- 
netopause parallel currents would generate a current 
density of JII • 10-6 Am-2 in the ionosphere. 

L½½ ½t al. [1985] and L• and L½½ [1994c] suggested 
that leakage of the •11 from the magnetopause rota- 
tional discontinuities may contribute to the generation 
of the traditional cusp/mantle field-aligned current sys- 
tem. The propagation of JII from the magnetopause 

to the cusps is indeed found in our simulation. The 
magnetopause rotational discontinuity is generated by 
perturbations at the X line. This perturbation convects 
with the accelerated flows away from the X line, result- 
ing in the RD1 front along the magnetopause. The 
normal of the RD1 front is largely oblique to the mag- 
netic field. As the discontinuity propagates to higher 
latitudes, the normal component of the magnetic field 
becomes larger. The structure of RD1 is thus modified. 
Some transient Alfv•n waves are released from the tran- 

sition layer, propagating along the field lines. The tran- 
sient waves in the magnetosphere propagate quickly into 
the cusp because of the large Alfv•n speed in the dipole 
field region, carrying •11 into the cusp ionosphere. The 
released waves are stronger toward the north and south 
poles as the normal component of the magnetic field at 
RD1 becomes larger, which can be best seen from the 
By contours near the cusp regions. Note that the sim- 
ulations presented in this paper are not long enough to 
show the effects of wave reflection from the ionosphere. 

The JII flow from the magnetopause to the ionosphere 
can also be carried by Alfv•n waves from transient re- 
connections at the magnetopause. The upward JII near 
the ionosphere in both hemispheres in Figure 1 (right) 
may contribute to the acceleration of auroral electrons. 

In addition to RD1 a layer of small positive (neg- 
ative) By is seen on the earthward side of the north- 
ern (southern) magnetopause boundary layer, corre- 
sponding to the Hall currents generated by the mag- 
netospheric particles. This layer is associated with a 
weak Alfv•n wave pulse, or in general a weak rotational 
discontinuity RD2 [L• a•d L½½, 1994a], which propa- 
gates into the magnetosphere, whereas RD1 propagates 
on the magnetosheath side. This additional structure 
exists at the inner edge of the magnetopause bound- 
ary where the ion density has dropped significantly. It 
should be noted that at this final time the ion particle 
density in the magnetosphere has become much lower 
than the initial value because no effort is made to resup- 
ply the ions from the magnetosphere after they are lost 
into the open boundary layer. Therefore the strength of 
the simulated RD2 is very weak. The associated field- 
aligned currents cannot be clearly identified. In this pa- 
per, we only identify the currents associated with RD1, 
whereas JII in RD2 can propagate directly into the cusp 
ionosphere. 

Figure 2 shows, from the top, hodograms of the mag- 
netic field in the (By,Bo) plane and spatial profiles of 
By (solid curves), Bo (dotted curves), ion flow veloci- 
ties •y (dotted) and • (solid), magnetic field strength 
B (solid), and ion density _IV (dotted) at the final time 
t = 85f• •. The • component of B and Vi are nearly 
along the magnetopause. Shown in Figure 2 from left 
to right are the cross sections in the quasi-steady recon- 
nection layer along the r coordinate lines from • = 20 • 
(near the north pole) to • - 160 • (south), each for 
r = 6 /•E to 24 /•E. Near the Xline at • =90 ø (sub- 
solar region), as shown in the middle column, the By 
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Figure 2. From the top, hodograms of the magnetic field in the (By, Bo) plane and spatial 
profiles of By (solid curves), Bo (dotted curves), ion flow velocities V/y (dotted) and V/0 (solid), 
magnetic field strength B (solid), and ion density N (dotted) along radial lines at t = 85• • in 
case 1. From left to right are the results at 0 = 20 ø and 60 ø (in northern hemisphere), 0 = 90 ø 
(sun-Earth line), and 0 = 120 ø and 160 ø (southern hemisphere), each for r = 7 RE to 24 RE. All 
quantities are in normalization units. 

component is nearly zero in the magnetopause bound- 
ary layer (r .-• 10 Re). There is no flow acceleration 
at the X line, as shown in the velocity profiles. In- 
phase (fast mode) correlations between the fluctuations 
in B and N are present near the bow shock transition 
(r .-• 18 RE), whereas antiphase corrections are seen in 
the middle of the magnetosheath. 

At 0 = 60 ø and 120 ø away from the X line, the finite 
guide field By described above develops in the magne- 
topause rotational discontinuity RD1, across which Bo 
changes direction. At both locations an electron sense, 
or right-hand (with thumb pointing along the normal 
component of the magnetic field) polarization from the 
upstream (magnetosheath; Bo > 0) to the downstream 
(magnetosphere; Bo < 0) of RD1 appears in the mag- 
netic field hodograms. Since the normal component 
of the magnetic field, which is nearly Br, is negative 
northward of the X line and positive southward of the 
X line, the field rotation looks reversed in the ByBO 
plane at 0 = 60 ø and 120 ø. As mentioned earlier, such 
right-hand field rotation in the magnetopause rotational 
discontinuity is consistent with the prediction by Son- 
nerup [1979]. The same polarization sense has also been 
found to dominate the magnetic structure in the flux 
transfer events at the magnetopause in the 2-D and 3- 
D hybrid simulations by Karimabadi et al. [1999]. Also 
seen in the second and the fourth column of Figure 2 
is that the acceleration in the ion flow starts to appear 
in the directions away frown the X line, with Vo < 0 at 
0 = 60 ø and Vo > 0 at 0 = 120 ø. The flow is accelerated 
from the magnetosheath side through RD1 to a speed 

of -,• 4VA0 at the center of the reconnection layer, while 
the change of the flow speed from the magnetospheric 
side is mainly through a modified slow mode wave [Lin 
and Lee, 1994a]. An increase in the parallel tempera- 
ture Tll (not shown) is also found in the magnetopause. 
The enhance•nent in •he tangential flow speed Ivol in 
the magnetopause boundary layer is getting stronger as 
0 decreases (increases)in the northern (southern) hemi- 
sphere. 

The structure of the large-amplitude RD1 develops 
with distance from the X line. At 0 = 20 ø and 160 ø 

the right-hand polarization in the magnetic field be- 
comes nearly circular through RD1, as seen in the field 
hodograms. A positive (negative) correlation between 
By and Vy is seen in RD1 in the northern (southern) 
hemisphere, as to be seen below in the Wal•n relation 
(9). Note that in the real magnetopause the physical 
scale lengths, such as the ion inertial length and the 
ion gyroradius, are smaller than those used in the sim- 
ulation, so that the full development of the structure 
of RD1 would appear at a shorter distance from the X 
line. 

For an ideal MHD rotational discontinuity at the 
magnetopause the density of field-aligned currents in 
the discontinuity can be written as 

all - u/z - (7) 
where Bt is the magnitude of the tangential magnetic 
field in the rotational discontinuity, and the phase an- 
gie of the tangential magnetic field (I) = atan(By/Bo). 
Therefore the sign of d•/dr determines the sign of Jll, 
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with Jll > 0 for d•/dr < 0 and Jll < 0 for d•/dr > O. 
Our simulation shows that the right-hand rotations 
with d•/dr > 0 and d•/dr < 0 are generated in the 
northern and southern hemispheres, respectively. Cor- 
respondingly, upward field-aligned currents with Jll < 0 
(Jll > 0) can leak into the ionosphere in both hemi- 
spheres. 

Another feature to be noticed is that while the mag- 
netosheath flow gradually becomes significant as 0 in- 
creases, there is a general trend that the magnetopause 
boundary layer is getting thicker. This is partly due to 
the shear flow effects, which reduces the magnetic ten- 
sion force and thus the strength of RD1 [Lin and Lee, 
1994b]. However, the variation in the strength of RD1 
is also due to the variations in the geometry of the mag- 
netic field lines and the external pressure from the solar 
wind. 

According to the MHD Rankine-Hugoniot (RH) jump 
conditions [Landau and Lifshitz, 1960] the Wa16n rela- 
tion has to be satisfied across a rotational discontinuity. 
In a plasma with a temperature anisotropy this relation 
states that 

-- , (8) 

where AVt is the the change of the tangential flow ve- 
locity across the rotational discontinuity, the plus (mi- 
nus) sign is applied to rotational discontinuities with 

a normal component of the upstream inflow velocity 6 
parallel (antiparallel) to the normal component of the 
magnetic field, AVkt is the corresponding change in the 
Alfv6n velocity Vkt , Vkt - VAt[1- (/311-/•ñ)/2] 1/2, 
VAt is the tangential Alfv6n velocity in the ideal MHD, 
and/•ll and/•ñ are the plasma beta values associated z•vit 
with the parallel and perpendicular pressures, respec- 
tively. On the other hand, most of the satellite ob- 

servations at the magnetopause based on ion velocities -6 
showed that 

6 
AVit -- -]-AiAV•t , (9) 

where Ai -• 0.7-0.9 is the average ion Wa16n ratio [Pa- 
pamastorakis et al., 1989; Sonnerup et al., 1981]. When 
considering the ion finite Lapmop radius effects, it is the 
electron fluid that is "frozen in" the magnetic field, as 
shown in (2). Scudder et al. [1999] examined the Wal•n 
relation based on the change in the electron flow veloc- 
ity, AVe, across the rotational discontinuities at the 
magnetopause and found that the electron Wal•n re- 
lation is very well satisfied. Nevertheless, the electron 
flow velocity Ve cannot simply represent the plasma ve- 
locity in the MHD. The difference between Vi and Ve is 
equivalent to the currents in the rotational discontinu- 
ity. The direction of the currents, which is related to the 
sense of the magnetic field polarization, can imply either 
V/t ) Vet or V/t • Vet. The modification of the Wal•n 
relation in rotational discontinuities and Alfv•n waves 

were further examined by Wu and Lee [2000] using the 
Hall-MHD formulation. They found that the dispersive 
structure of the ion density in the rotational disconti- 

nuity results in the deviation of AVit from AVAt. The 
product of the ion and electron Wal•n ratios AiAc = 1, 
where Ac = Vet/VAt, and Ai < I (Ai • 1) in the transi- 
tion layer of the rotational discontinuities with a right- 
hand (left-hand) polarization. 

Figure 3 (left) shows the variations of the tangen- 
tial components of the ion and electron flow velocities, 
AYit and AVer, through RD1 around O = 60 ø as a 
function of the variation in the corresponding Alfv•n 
velocity, AYkt , in case 1. The pluses show the varia- 
tions of the O component velocities versus the variations 
in VJ•0, and the dots show the corresponding variations 
in the y components. All quantities are normalized to 
the Alfv6n speed VA0 in the solar wind. The variation 
in the velocities is measured as the difference between 

the velocities at various locations (r, O) in RD1 and the 
velocity at a location (r,, O), where r, is a radial dis- 
tance just upstream of RD1. The solid diagonal line 
in each plot represents AYit,et = AVAt t. Note that 
in the northern hemisphere (0 < 90 ø) the normal in- 
flow velocity (from the magnetosheath to the magneto- 
sphere) is parallel to the normal magnetic field compo- 
nent (roughly Br) at the magnetopause, and thus the 
pluses should be taken in the right-hand side of (9). At 
0 = 60 ø the Wa16n ratio Ai •- 0.77-4-0.12 based on a least 
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Figure 3. Variations of the tangential components of 
ion flow velocities, A•0 (pluses) and AV/y (dots), and 
variations of electron flow velocities, AVco (pluses) and 
AVcy (dots), throughout RD1 around (left) 0 - 60 ø and 
(right) 0 - 20 ø as a function of the corresponding AVe0 
and AVJ•y, where Vk is the Alfv•n velocity modified by 
the temperature anisotropy. All quantities are normal- 
ized to the Alfv•n speed V•0 in the solar wind, and the 
velocity variations along each 0 line are relative to the 
corresponding values just upstream of RD1. The solid 
diagonal lines represents AVi,e = AVA'. 
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squares fit for all the data points in Figure 3 (top left). 
The corresponding standard deviation in AV/t, which 
also includes the short-wavelength numerical fluctua- 
tions due to the finite number of particles per cell, is 
nearly +0.50. The Wal•n ratio Ae "'• 0.81+ 0.16, with a 
standard deviation in AVer nearly equal to -4-0.81. The 0 
and y components, however, have quite different Wal•n 
ratios for both ion and electron velocities. The negative 
ion and electron flow velocities in RD1 are attributed 

to the Alfv•n mode. However, since the By component 
in RD1 has not well developed to the large amplitude 
yet at • = 60 ø, the ion Wal•n ratio is larger than that 
of the • component. The changes in the y component 
electron velocities are even larger than those in the y 
component ion velocities because of the positive Jy in 
the magnetopause, and thus the electron Wal•n ratio for 
the y component is quite large. The average ion Wal•n 
ratio -,•0.70 for the • component alone and --•1.4 for the 
y component alone, whereas the average electron Wal•n 
ratios are --•0.70 and 2.2 for the • and y components, 
respectively. 

Figure 3 (right) shows the results at • = 20 ø farther 
away from the X line. The results of the ion and elec- 
tron flow velocities are very similar at this distance. 
The WalSh relation is well satisfied for the tangen- 
tial components of electron velocities, with an overall 
Ae _• 0.99 4-0.07. The corresponding standard devia- 
tion of AV•t is about 4-0.45. In the ion WalSh fit plots 
shown in Figure 3 (top right), as IzXWol and IzXWl 
increase from zero, the slope Ai first appears very close 
to 1, but then IAVi[ becomes smaller than required by 
the MHD WalSh relation. The overall ion WalSh ra- 

tio Ai -• 0.71 4- 0.06. In the Hall-MHD formulation 

by Wu and Lee [2000] the Waldn ratios Ai(r) < i and 
A•(r) > I for the right-hand polarized rotational dis- 
continuity. Note that although the slope Ai(r) < 1 
in the transition of a rotational discontinuity with the 
right-hand field polarization, the values Ai and A• 
should be equal to i if one only measures the difference 
between the nonzero components of the upstream and 
the downstream velocities, since the dispersive structure 
due to the Hall effects only modifies the internal tran- 
sition of RD1. The 1-D hybrid simulations by Lin and 
Lee [1994a] have found that the RH jump conditions are 
well satisfied in rotational discontinuities at the magne- 
topause. In the present 2-D simulation the jump in the 
tangential component V/0 across RD1 from upstream to 
downstream is obviously less than the jump in the cor- 
responding Alfv•n velocity. Throughout RD1, the ion 
Ai(r) < 1, and the electron A•(r) •_ 1. This general 
trend that the Wal•n ratios Ai and Ae in the transition 
of the 2-D RD1 are smaller than those obtained from the 

1-D models is consistent with the previous hybrid sim- 
ulation by Lin and Xie [1997]. Their simulation shows 
that at the distances from the X line where the rota- 

tional discontinuity or intermediate shock is not well 
separated from other waves in the reconnection layer, 
the WalSh relation cannot be satisfied, and the plasma 

flow is not accelerated to that predicted by the jump 
conditions of rotational discontinuity. This effect may 
reduce Ai and A•, leading to A•(r) in the RD1 tran- 
sition very close to 1, as seen from Figure 3 (bottom 
right). It should be noted, as mentioned earlier, that 
the spatial resolution in the present global simulation 
is not high enough for the real magnetopause structure 
because the ion inertial lengths are larger than those in 
reality, and thus the separation between RD1 and other 
waves as a function of the distance from the X line is 

slower. 

In case 2 the IMF By = 0.4B0, while the magnetic 
field strength and plasma quantities in the solar wind 
and the magnetosphere are the same as those in case 1. 
Figure 4 (left) shows the field line configuration, super- 
posed on the contour plot of the magnetic field strength 
in the logarithm scale, and the contours of By and 
at t = 10012• • in the quasi-steady state of the recon- 
nection. Although By > 0 in the magnetosheath, the 
pattern of By in the magnetopause boundary layer is 
similar to that in case 1. In the transition of RD1, By 
has negative fluctuations in the northern hemisphere 
and positive fluctuations in the southern hemisphere. 
Correspondingly, JII < 0 and Jl] > 0 are seen in the 
northern and southern boundary layers, respectively. 
As in case 1, some of these currents flow into the cusp 
ionosphere, producing upward field-aligned currents in 
both hemispheres. The actual maximum of J[I is 0.9J0 
and the minimum is -0.8J0, which are again located 
in the front side magnetopause. The sense of JII as a 
function of the IMF By will be further discussed in case 
5. 

Figure 4 (right) presents hodograms of the magnetic 
field across the magnetopause boundary layer at the 
symmetric locations of 0 = 60 ø and 120 ø, 0 = 50 ø and 
130 ø, 0 = 40 ø and 140 ø, and 9 = 30 ø and 150 ø. Similar 
to case 1, from 0 = 120 ø to 150 ø, the right-hand rota- 
tion in the magnetic field in RD1 develops into a more 
circular polarization as the distance from the X line in- 
creases. Although still right-handed, the patterns in the 
hodograms of the northern hemisphere with 0 < 60 ø, 
however, are not quite circular, and the perturbation 
amplitude in By is small. Note that for a right-hand 
polarization in the northern hemisphere, the magnetic 
field has to follow a rotation angle of [A•[ > 180 ø from 
the magnetosheath to the magnetosphere. 

In case 3 the IMF By0 = 0.8B0. Similar to case 2, 
large-amplitude, right-hand circular polarizations are 
present in the southern hemisphere from 0 = 120 ø to 
150 ø. In the northern hemisphere with 0 < 90 ø, how- 
ever, the right-hand polarization of the magnetic field in 
RD1 becomes nearly linear at 0 < 40 ø, and the rotation 
sense starts to reverse at 0 = 30 ø. 

We now show a case in which the IMF By < 0. In 
case 4 the initial magnetic field and plasma quantities 
are the same as those in case 3, except the sign of Byo 
is reversed, i.e., Byo = -0.4B0. Figure 5 (left) shows 
the contour plots of By and JII in the stage when the 
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Figure 4. (left) Field line configuration, superposed on the contour plot of B in the logarithm 
scale, and contours of By and JII at t = 100• 1 in case 2 with Byo - 0.4. (right) Hodograms 
of the magnetic field across the magnetopause at the symmetric locations of 0 - 60 ø and 120 ø, 
0 - 50 ø and 130 ø, 0- 40 ø and 140 ø, and 0- 30 ø and 150 ø. 

quasi-steady reconnection layer has formed in the entire 
dayside magnetopause boundary. In the reconnection 
layer the signs of the By perturbations in the north- 
ern and southern hemispheres are the same as those 
in case 3, although the sign of the IMF By is differ- 
ent from that in case 3. As a result, upward JII are 
again seen in the northern and southern cusp regions. 
The hodograms of the magnetic field at various loca- 
tions along the magnetopause are shown in Figure 5 
(right). Similar to the cases with Byo > 0, right-hand 
polarizations in the magnetic field are present in RD1 at 
locations with both 0 < 90 ø and 0 > 90 ø. Nevertheless, 
with By < 0 in the magnetosheath, for a right-hand 
polarization in the southern hemisphere the magnetic 
field has to go through a rotation angle [A• I > 180 ø, 
whereas in case 3, IA•[ > 180 ø appears in the north- 
ern hemisphere. The evolution of RD1 in the northern 
and southern hemisphere is opposite to that in case 3. 
A large-amplitude, nearly circular polarization in the 
magnetic field gradually develops in the northern hemi- 
sphere away from the X line, as shown in the hodogram 
near 0 = 40 ø and 30 ø, whereas the field rotation pat- 
tern in the southern hemisphere becomes quite flat as 
the distance from the X line increases. 

It is seen from the above cases that the magnetic 
field tends to follow a right-hand polarization when the 
magnetopause rotational discontinuity is formed by the 
reconnection. This right-hand rotation is stable if the 
field rotation angle [A•I < 180 ø across RD1 but not 
quite stable for IA•I > 180 ø. In previous 1-D hybrid 
simulations of rotational discontinuity it is found that 
for a rotational discontinuity initially with IA•[ > 180 ø, 
the discontinuity will evolve to a new structure with 
I A•I < 180 ø by the reversal of the field rotation sense 
or by losing several 360 ø rotations in the magnetic field. 
That is, given enough evolution time, the rotational dis- 
continuity converges to a final stable structure in which 
the field rotation follows the shortest arigular path IA•[ 
[Swift and Lee, 1983; Krauss-Varban et al.• 1995; Lin 
and Lee, 2000]. The transient evolution time increases 
with the initial width of the rotational discontinuity but 
decreases with the initial IA(I)I [Krauss-Varban et al., 
1995; Lin and Lee, 2000]. In order to see the evolu- 
tion of the rotational discontinuities in our global 2-D 
simulation, we have run several cases with a thinner 
magnetopause. 

The initial condition in case 5 is the same as that in 

case 3, with Byo = 0.8Bo, but the ion inertial length is 
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reduced by a factor of 2 everywhere in the simulation 
domain. Thus the new ion inertial length is •0.08 RE 
in the solar wind and is •0.05 RE in the magnetosheath 
region adjacent to the magnetopause. The half-width 
of the initial magnetopause current sheet is also set to 
a smaller value of 0.05 RE --• 320 km. It is found that 
the halfwidth of the magnetopause rotational discon- 
tinuity RD1 is maintained at •0.08-0.15 RE, which is 
thinner than that in case 3. Although the thickness of 
RD1 in units of ,ks is nearly equal to that in case 3, the 
RD1 front along the magnetopause is longer in terms 
of ,ks, so the development of RD1 along the magne- 
topause is faster in units of REs -•. The hodograms of 
the magnetic field across the magnetopause boundary 
layer at the final simulation time are shown in Figure 
6. The evolution of the magnetic field-in the 0 > 90 ø 
region, where the field direction change IA•I < 180 ø, 
as a function of the distance to the X line is very sim- 
ilar to that in case 3 with a thicker magnetopause cur- 
rent layer. The evolution in the northern hemisphere 
(0 < 90ø), however, is quite different. As 0 decreases 
from 60 ø to 30 ø , the original right-hand polarization 
with A• _• -210 ø in the magnetic field gradually turns 

to a left-hand rotation, which has the shorter angular 
path of A• _ 150 ø < 180 ø, as seen from Figure 6 (left). 
This result is consistent with previous 1-D hybrid sim- 
ulations of rotational discontinuity. Such evolution as a 
function of 0 is slower for a smaller By0. 

Correspondingly, in this case with IMF By0 > 0 the 
currents Jll injected to the northern cusp ionosphere 
from the magnetopause are mainly positive, or down- 
ward, currents. Although the structure of RD1 in the 
northern hemisphere still shows a portion of right-hand 
polarization on the upstream (magnetosheath side) edge, 
the main large-amplitude rotation becomes left-handed 
at far distances from the X line. In the southern hemi- 

sphere, JII remains posit. ive and thus is upward. For a 
similar case with an IMF By0 < 0 the sense of JII in 
either hemisphere is opposite to that in case 5. 

The pluses in Figure 7 show the variations A V/0 
and AV,0 as a function of AV,• o through RD1 along 
0: 30 ø and 150 ø obtained from case 5. In the south- 

ern hemisphere at 0 - 150 ø an average ion Wal•n ratio 
Ai -• (0.60+0.07) < 1 and an electron A, _• (0.80+0.05) 
closer to 1 are found in the right-handed RD1, simi- 
lar to case 1. Note that in the southern hemisphere 
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Figure 15. (left) Contour plots of By and Jll in case 4 with By0 = -0.4. (right) Field hodograms 
at various locations at the magnetopause. 
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Figure 6. Hodograms of the magnetic field across the 
magnetopause reconnection layer in case 5 with By0 = 
0.8 and with a thin magnetopause. 

than that in the simulation. Thus the propagation dis- 
tance, from the X line, for a magnetopause rotational 
discontinuity to reverse the magnetic field polarization 
would be much shorter. In case 5 the polarization re- 
verses within a 0 range of 55ø. If scaled down by a factor 
of 7 to 10, this range would correspond to a distance of 
•1 -RE from the diffusion region of reconnection. For a 
magnetosheath ion density of 1-10 cm -3 we obtain an 
ion inertial length /ks "-• 70-230 km. For most of the 
observed thin magnetopause rotational discontinuities 
with a thickness of 100-500 kin, corresponding to a few 
/ks, the magnetic field should have evolved to a smallest 
rotation angle of IA•l < 180 ø, as found by Berchem 
and Russell [1982]. 

On the other hand, for a magnetopause transition 
layer that is relatively thick, which may be present in 
3-D time-dependent reconnections such as FTEs, the 
magnetic field may follow a large rotation angle. In 
this case, it is possible titat the field-aligned currents 
generated in the reconnection are dominated by posi- 
tive currents in the northern hemisphere and negative 
currents in the southern hemisphere, leading to upward 
Jll in both the northern and southern cusp ionosphere 
regions. The upward JII may produce an upward elec- 
tric field, increase the electron precipitation, and drive 
aurora activity in the ionosphere. 

4. Summary 

In summary, a 2-D global hybrid particle simulation 
has been performed for magnetic reconnection at the 

the normal inflow velocity from the magnetosheath is 
antiparallel to the normal component of the magnetic 
field, and thus the sign of A l//,e0 is opposite to that 
of AVCo , as shown in Figure 7 (right). In the north- 
ern hemisphere at 0 = 30 ø the polarization of RD1 
has become left-handed (ion sense). A good correla- 
tion with an average Ai -• 0.70 q-0.08 and an aver- 
age Ae -• 0.75 q- 0.07 is also obtained in the rotational 
discontinuity. Wu and Lee [2000] showed that in the 
Hall MHD, a left-hand-polarized rotational discontinu- 
ity should possess an Ae(r) < 1 and an Ai(r) > 1. Our 
2-D hybrid simulation shows that similar to case 1, the 
2-D effects can reduce the ion and electron WalSh ra- 

tios. Both Ae and Ai are less than 1 in the left-hand 
RD1 within the reconnection time of 250• -1. Given 
that the spatial resolution in our 2-D hybrid particle 
simulation is not as high as that in 1-D models, some 
of the detailed dispersive structure of RD1 may not be 
fully captured. 

In case 5 it takes •180• -• for the right-hand field ro- 
tation in RD1 in the northern hemisphere to reverse its 
sense. Since the convection speed (in units of REs -i ) 
in our simulation is larger than that on the real magne- 
topause, the propagation speed of the rotational discon- 
tinuity at the real magnetopause would be much slower 
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Figure 7. Variations AV/0 and AVe0 (pluses) as a func- 
tion of AVCo through RD1 along 0 - 30 ø and 150 ø in 
case 5. 
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dayside magnetopause in the noon-midnight meridian 
plane. The main results are summarized below. 

1. A large-amplitude rotational discontinuity RD1 
is present in the magnetopause boundary layer due to 
a single X line reconnection, consistent with previous 
hybrid simulation near the X line. RD1 carries the main 
electric current in the magnetopause, and the thickness 
of RD1 is of the order of the local ion inertial length. 
Associated with the field line kinks in RD1, accelerated 
flows are present in the magnetopause boundary layer. 
A weak rotational discontinuity RD2 is also seen on the 
magnetospheric side of the magnetopause reconnection 
layer, which carries a small amplitude magnetic field 
perturbation. 

2. Strong field-aligned currents are present in RD1 
due to the rotation of the tangential magnetic field in 
the (By, Bo) plane. As RD1 first forms after reconnec- 
tion, the tangential magnetic field follows a right-hand 
(electron sense) polarization in both the northern and 
southern hemispheres, leading to By < 0 in RD1 in 
the northern magnetopause and By < 0 in the south- 
ern hemisphere. This polarization is consistent with the 
theoretical predictions of $onnerup [1979]. Correspond- 
ingly, field-aligned currents with Jll < 0 are generated 
in the northern hemisphere and Jll > 0 are generated 
in the southern hemisphere. 

In 1-D and 2-D MHD simulations [Lin and Lee, 1994a, 
1994c, 1999] the magnetic field variation always follows 
a short angular path of IArI) I _< 180 ø in a rotational dis- 
continuity generated in magnetic reconnection. There- 
fore the associated field-aligned currents always have 
Jll > 0 for a magnetosheath By > 0 and JII < 0 for 
a magnetosheath By < 0, whether in the northern or 
southern hemisphere. Similar polarities of JII has also 
been found by Ma and Lee [1999] from a 3-D MHD sim- 
ulation of magnetic reconnection. In our hybrid simu- 
lation, however, the magnetic field prefers a right-hand 
rotation due to the Hall effects when the rotational dis- 

continuity just forms, regardless of the magnitude of 
I ArI)l or the sign of By in the magnetosheath. 

3. As RD1 propagates away from the X line, if the 
right-handed rotation IArI) I exceeds 180 ø, the tangen- 
tial magnetic field tends to evolve to a more stable 
left-hand structure with a smaller field rotation angle 
IArI)l < 180 ø, similar to the MHD results. This evolu- 
tion proceeds more quickly for a thinner magnetopause 
and a larger ratio IBy/Bzl . Note that the for a given 
IMF Byo the ratio IBy/Bzl in the 2-D simulation is 
smaller than in the real 3-D cases owing to the pile up 
of the latitudinal magnetic flux in front of the magne- 
topause. On the basis of the physical parameters at the 
magnetopause, it is expected that most of the observed 
thin magnetopause rotational discontinuities possess a 
magnetic field rotation of IArI)l < 180 ø. Therefore asso- 
ciated with a thin rotational discontinuity at the mag- 
netopause in either hemisphere, Jll > 0 should be gen- 
erated for an IMF By0 > 0 and Jll < 0 should exist for 
an IMF By0 < 0. Note that the 3-D MHD simulation 

by Ma and Lee [1999] showed that for a reconnection 
with a short X line (in y), field-aligned currents with 
opposite signs can be distributed along y. 

4. The Wal•n relation is examined for both the elec- 

tron and the ion flows in the magnetopause rotational 
discontinuity. For a right-hand RD 1 the ion Wal•n ratio 
Ai < 1, and the electron A• can be •1. For a left-hand 
RD1, both Ai and A• are less than unity. However, in 
general, the Wal•n relation can be nearly satisfied for 
both ions and electrons. While the Hall-MHD formula- 

tion predicts that Ai • I and A• > I for a right-hand 
rotational discontinuity and Ai > i and A• < I for a 
left-hand rotational discontinuity, our results show Ai 
and Ae in the RD1 transition are, in general, less than 
those obtained from the Hall-MHD simulation. Note 

that the presence of finite electron pressures in the ro- 
tational discontinuities is not considered in this simula- 

tion. While our simulation shows that the jump condi- 
tions of rotational discontinuity are nearly satisfied in 
RD1 at an enough distance from the X line, the struc- 
ture of the rotational discontinuities may be modified 
by smaller-scale electron dynamics. 

5. The structure of the thin magnetopause rotational 
discontinuity changes in the high latitude regions in re- 
sponse to the changing geometry of the field lines. Some 
transient Alfv•n mode waves carrying part (•5%) of 
the magnetopause Jll propagate along the field lines 
from the magnetopause to the cusp ionosphere, while 
the majority of the Jll of RD1 remain as magnetopause 
currents. Therefore, for IMF Byo > 0, downward Jll is 
generated in the northern hemisphere and upward Jll 
in the southern hemisphere, whereas for IMF Byo < 0 
the sense of JII reverses in both hemispheres. This re- 
suit is consistent with the predictions of previous MHD 
simulations. 

6. In the cases in which the magnetopause rotational 
discontinuities or Alfv•n waves have not evolved to the 

stable magnetic polarization, which can occur following 
transient reconnection with a short reconnection time 

or in a quasi-steady magnetopause current layer thicker 
than several ion inertial lengths, our hybrid simulation 
suggests that upward field-aligned currents (JII < 0 in 
the northern hemisphere and Jll > 0 in the southern 
hemisphere) associated with a right-hand magnetic field 
rotation may propagate into the cusp ionosphere in both 
hemispheres, regardless of the sign of the IMF Byo. 
Since the upward Jll may accelerate the precipitating 
electrons in the ionosphere, this result, which is due to 
the Hall effects and cannot be obtained from MHD sim- 

ulations, can provide a mechanism for the generation of 
the dayside transient auroral forms by time-dependent 
reconnection [e.g., Fasel et al, 1993]. 

7. The magnetosheath ions penetrate through the 
magnetopause rotational discontinuity into the magne- 
topause boundary layer. Strong ion injections are seen 
in the cusp magnetosphere. 

Finally, it should be noted that for the cases shown in 
this paper the simulation run was terminated when the 
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magnetopause currents reach the ionospheric bound- 
ary. In the simulation, there is no returning magnetic 
fluxes from the nightside as in the real global magne- 
tosphere, and thus the magnetopause will erode contin- 
uously if the simulation proceeds. The effects of the 
ionospheric conductivity on the magnetopause currents 
are not studied in this simulation. Observations [e.g., 
Ohtani et al., 2000] suggest that the ionospheric con- 
ductivity determines the intensity of field-aligned cur- 
rents and may even affect the way the magnetosphere 
interacts with the solar wind. The closure of the global 
current system of the magnetosphere and the global 
convection patterns under various IMF By cannot be 
studied by this 2-D model. In addition, the strength of 
the Jll flowing into the cusp ionosphere as a function of 
the IMF By are also not investigated in detail. In the 
real 3-D magnetosphere the strength of the low altitude 
Jll that comes from the magnetopause may be stronger 
than that obtained in the 2-D model because the mag- 
netic field strength and thus the cross section areas of 
magnetic flux tubes vary as r -3 in the 3-D dipole field, 
whereas B varies as r -2 in the 2-D dipole field. 
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