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Abstract. Two-dimensional (2-D) hybrid simulations are carried out to study the 
structure of the reconnection layer in the distant magnetotail. In the simulation 
an initial current sheet separates the two lobes with antiparallel magnetic field 
components in the x direction. The current sheet normal is along the z direction. It 
is found that a leading bulge-like magnetic configuration and a trailing, quasi-steady 
reconnection layer are formed in a magnetic reconnection. If the duration of the 
reconnection is sufficiently long, the trailing reconnection layer will dominate the 
plasma outflow region. For the symmetric lobes with By = 0, two pairs of slow 
shocks are present in the quasi-steady reconnection layer. The slow shocks are 
expected to be fully developed at a sufficient distance from the X line, where the 
separation between the two shocks is greater than a few tens of the lobe ion inertial 
length. The Rankine-Hugoniot jump conditions of the slow shock are found to be 
better satisfied as the distance from the X line along the x axis increases. For the 
cases with By • 0 in the two lobes, two rotational discontinuity-like structures 
appear to develop in the reconnection layer. On the other hand, in the leading 
bulge region of a magnetic reconnection, no steady MHD discontinuities are found. 
Across the plasma sheet boundary layer the increase of the flow velocity appears to 
be much smaller than that predicted from the Rankine-Hugoniot jump conditions 
for a steady discontinuity, and the increase in the ion number density is much 
larger. In addition, a large increase in the parallel ion temperature is found in 
the plasma sheet boundary layer. The 2-D simulation results are also compared 
with the one-dimensional hybrid simulations for the Riemann problem associated 
with the magnetotail reconnection. It is found that the 2-D effects may lead to the 
presence of the non-switch-off slow shocks and thus the lack of coherent wave trains 
in slow shocks. 

1. Introduction 

In the Earth's magnetosphere, magnetic reconnec- 
tion may take place at the magnetopause and in the 
magnetotail, where the magnetic field has a large shear 
[Dungey, 1961; $onnerup, 1979; Vasyliunas, 1975; Rus- 
sell and Elphic, 1978; Hones, 1979]. It is believed that 
through the magnetic reconnection process the solar 
wind mass, momentum, and energy can be efficiently 
transferred into the magnetosphere. A high-speed ac- 
celerated plasma flow is often present as a result of the 
magnetic reconnection. Similarly, reconnection in the 
magnetotail plasma sheet may lead to the earthward 
ejection of plasma flow. 
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In Petschek's [1964] model of magnetic reconnection 
the reconnection configuration consists of three parts: 
an inflow region, an outflow region, and a small cen- 
tral diffusion region. The Petschek model describes the 
symmetric case with equal plasma density, equal mag- 
netic field strength, and antiparallel magnetic fields on 
the two sides of the current layer. The outflow region 
contains two pairs of steady state slow shocks, across 
which the magnetic field decreases, the plasma density 
and temperature increase, and the plasma is acceler- 
ated. This model may be applied to a reconnection in 
the distant magnetotail, where the magnetic field and 
plasma density in the two lobes are highly symmetric 
and the reconnection may be quasi-stationary. On the 
other hand, at the dayside magnetopause, where the 
plasma and field are highly asymmetric across the cur- 
rent layer, a rotational discontinuity may be present in 
the outflow region of magnetic reconnection [Levy et al., 
1964; $onnerup et al., 1981; Heyn et al., 1988; Lin and 
Lee, 1994]. The outflow region of magnetic reconnec- 
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tion which contains MHD discontinuities and shocks is 

referred to as the reconnection layer [Heyn et al,, 1988]. 
The Petschek type reconnection has been simulated 

by two-dimensional (2-D) MHD simulations, and slow 
shocks have been found in the outflow region [e.g., $ato, 
1979; Scholer and Roth, 1987; Shi and Lee, 1990; Yah 
et al., 1992]. The structure of the discontinuities in the 
reconnection layer, however, has not been studied in 
2-D kinetic simulations. 

Satellite observations in the distant magnetotail 
100 RE) have shown the evidence of slow shocks in the 
lobe/plasma sheet boundary layer, namely, a decrease 
in magnetic field, an increase in plasma density and 
temperature, and a large accelerated flow in the central 
plasma sheet [e.g., Feldman et al., 1984, 1985; Smith et 
al., 1984; Schwartz et al., 1987; tto et al., 1994; Saito 
eta;., 1996]. The changes of magnetic field and plasma 
density from the lobe to the central plasma sheet are 
found to nearly satisfy the Rankine-Hugoniot jump con- 
ditions for a slow shock. 

Nevertheless, satellite observations in the Eear-earth 
magnetotail (-• 10-20 RE) indicate that the structure of 
the near-tail plasma sheet boundary layer is very differ- 
ent from that in the deep tail [e.g., Feldman et al., 1987; 
Cattell et al., 1992]. The boundary layer is not usually 
well modeled as a time stationary slow shock. Cattell 
et al. [1992] have presented a statistical study of the 
MHD structure of the plasma sheet boundary layer in 
the near-tail, using data from the AMPTE/IRM space- 
craft. They showed that the measured change in the 
tangential velocity across the boundary is usually much 
less than the velocity change predicted for a stationary 
slow shock. The change in plasma density appears to 
be much greater than that for a slow shock. In some ob- 
servations near a substorm neutral line, only a portion 
of the boundary is consistent with being a slow shock 
[Feldman et al., 1987]. These observations may indicate 
the presence of nonsteady slow shocks in a transient 
stage of a time-dependent magnetic reconnection. 

In addition, field-aligned plasma jets are observed 
near the plasma sheet boundary layer [DeCoster and 
Frank, 1979; Eastman et al., 1985]. An earthward 
plasma beam may originate from a magnetic reconnec- 
tion in the magnetotail [Sato et al., 1992; Lee and Yan, 
1992], while the presence of the ionosphere on the earth- 
ward side of the X line may result in a tailward plasma 
beam in the plasma sheet boundary layer, leading to 
the complicated structure of the near-Earth reconnec- 
tion [Hesse and Birn, 1991; Cattell et al., 1992]. 

One-dimensional (l-D) hybrid simulations have been 
carried out to study the structure of the quasi-steady 
reconnection layer in the magnetotail [Fujimoro and 
Nakamura, 1994; œin and Lee, 1995]. The simulation 
study by Lin and Lee [1995] found that in the symmetric 
case with exactly antiparallel magnetic field in the two 
lobes (By - 0), the Petschek reconnection layer with 
two slow shocks exists. The slow shocks are switch-off 

shocks, in which the intermediate Mach number Mr - 1 
and the downstream tangential magnetic field is equal 
to zero, where Mr - V,•u/C•,• and V•u and C•u are the 
normal components of flow velocity and Alfven velocity, 

respectively, in the upstream region. In the presence of 
a finite guide field (By • 0) in the two lobes, which has 
been found from the satellite observations in the mag- 
netotail [e.g., Fairfield, 1979], the slow shock becomes 
a nonswitch-off shock with Mr < 1, and two rotational 
discontinuities are also present to bound the reconnec- 
tion from the two respective lobes. In the cases with 
an asymmetry in plasma density and magnetic field in 
the lobes, an intermediate shock may also be present 
in the reconnection layer. Moreover, the simulation 
shows that a left-hand, circularly polarized wave train 
is present in the downstream region of switch-off slow 
shocks, which is consistent with the two-fluid theory of 
slow shocks [Coroniti, 1971]. The coherent wave train, 
however, does not exist in the non-switch-off shocks 
with Mr < 0.98, a finding consistent with the simula- 
tion study by Lee et al. [1989] for isolated slow shocks. 
Lin and Lee [1991] have suggested that the chaotic ion 
orbits may contribute to the ion heating and wave train 
damping in slow shocks. The dissipation in slow shocks 
is thus caused mainly by the chaotic ion motion. These 
simulation studies suggests that the lack of a coherent 
wave train in the slow shocks observed in the distant 

tail [e.g., Feldman et al., 1984; Smith et al., 1984] may 
be due to the presence of non-switch-off shocks. 

The structure of collisionless slow shocks has also 

been studied by Swift [1983], Winske et al. [1985], Lee 
et al. [1989], Omidi and Winske [19891, and Vu et al. 
[1992]. Coherent wave trains have been found in the 
switch-off shocks [e.g., Swift, 1983]. On the other hand, 
a number of other mechanisms have also been proposed 
to explain the lack of coherent wave trains in the slow 
shocks observed in the magnetotail. Winske and Omidi 
[1990] have suggested that the electromagnetic ion/ion 
cyclotron instability may lead to the ion heating and 
damping of the downstream wave train, and Vu et al. 
[1992] have shown that the downstream boundary con- 
ditions may result in a slow shock without a wave train. 
In addition, Fujimoro and Nakamura [1994] have sug- 
gested that the damping of the coherent waves in slow 
shocks may be associated with the presence of heavy 
ions in the magnetotail. 

A recent 2-D hybrid simulation by Krauss-Varban 
and Omidi [1995] has shown a large-scale outflow region 
in magnetic reconnection in the magnetotail. The ion 
kinetic physics is studied for transient plasmoids and a 
quasi-steady outflow region. 

In order to understand the magnetic reconnection 
in the magnetotail it is important to study the recon- 
nection layer by using a multi dimensional kinetic ap- 
proach. In this paper we extend our 1-D hybrid sim- 
ulations for the Riemann problem associated with the 
magnetotail reconnection layer [Lin and Lee, 1995] to 
the 2-D reconnection configuration in the distant mag- 
netotail. We examine the structure of discontinuities 

in the 2-D reconnection layer and also the evolution of 
the discontinuities from transient stages to the steady 
state of a reconnection. In particular, the structure of 
MHD discontinuities in the quasi-steady reconnection 
layer is investigated. The 2-D structure of the reconnec- 
tion layer is compared with our 1-D hybrid simulations. 
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The simulation model is given in section 2. Our sim- 
ulation results are presented in sections 3 and 4. In 
section 3 we show the simulations'for the symmetric 
case with By = 0 in the two lobes. The effects of a 
finite guide field By in the lobes are studied in section 
4. Finally, a summary is given in section 5. 

2. Simulation Model 

Our 2-D hybrid simulation utilizes the hybrid code 
presented by Swift [1995, 1996], which has been used 
in a general curvilinear coordinate system to model the 
Earth's magnetosphere, while in this study we use a 
Cartesian coordinate system to model the magnetic re- 
connection in the magnetotail plasma sheet. In the hy- 
brid code, ions are treated as discrete particles, and 
electrons are treated as a massless fluid. Quasi charge 
neutral!ty is assumed. 

The equation for ion motion is given by 

dVi 
= E + x B - - 

dt 

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, v is the collision fre- 
quency which is used to model the resistivity at the X 
line, and Ue and ui are the bulk flow velocities of elec- 
trons and ions, respectively. The electron momentum 
equation for a zero electron pressure is written in the 
form 

E -- x B - -- (2) 

The electron flow speed is evaluated from Arepete's law, 

VxB 

Ue -- Ui aN (3) 
where a - (47re2/mic2), e is the electron charge, mi is 
the ion mass, and N is the ion number density. In the 
calculation the charge coupling constant a is chosen as a 
scaling parameter. Note that (Na) -• is the ion inertial 
length in the units used in the simulation. With the use 
of (2) and (3), (1) can be written as 

dVi 
-- Ep q- Vi x B (4) 

dt 

where 
VxB 

Ep --( o•N ui) X B (5) 
The magnetic field is advanced in time from Faraday's 
law 

0B 
= -v x E (6) Ot 

where the electric field is calculated from (2). 
In the simulation the ion particle velocity is updated 

at half time step with a second-order accuracy. The 
magnetic field and the particle positions are advanced 
at the whole time step. The magnetic field update uses 
a predictor-corrector, or leapfrog trapezoidal, scheme. 
For the magnetic field time step to satisfy the Courant 
condition with respect to the whistler mode, the code 

uses a subcycling of the advance of magnetic field to the 
advance of particles. In our simulation the magnetic 
field is advanced 10 to 20 time steps for every time step 
the ion velocities are advanced. 

In our simulation, initially at time t - 0, a current 
sheet separates the two lobes with antiparallel magnetic 
field component Bx in the x direction and a common 
guide field By in the y direction. The normal of the cur- 
rent sheet is in the z direction, and the current sheet is 
located along z - 0. The thermal plus magnetic pres- 
sure is balanced across the initial current sheet, and 
thus the current sheet is a tangential discontinuity. Our 
interest is only in the large-scale structure in the outflow 
region of a magnetic reconnection and not in the process 
that causes the reconnection to occur. A finite resistiv- 

ity is imposed at the center of the simulation domain, 
(x,z) - (0, 0), to trigger and control the reconnection. 
The simulation is for a spontaneous reconnection [e.g., 
Scholer, 1989], and the dynamics is non driven. The 
energy of the reconnection structure essentially stems 
from the energy of the original unperturbed states. 

At the boundaries x - +Lx/2 the magnetic field is 
extrapolated on the basis of a zero curl and divergence 
of the field. The plasma flow velocity is free. At the 
boundaries z - +Lz/2, Bz is set to be zero for a fast 
magnetic reconnection, and initially there is no inflow 
velocity at these boundaries. We have also simulated 
the cases in which a small flow velocity is assumed in 
the inflow boundaries (z - +L•). The results are very 
similar to those shown in this paper. 

In the 2-D simulation, all the dependent variables 
are functions of the coordinate x and z and the time t. 

Initially, symmetric magnetic field and plasma density 
on the two sides of the current sheet, i.e., in the two 
lobes, are assumed. 

In the simulation the number of ions per cell, N, in 
the two lobes is chosen to be No - 20, where the sub- 
script "0" represents the quantities in the lobes. The 
cell size in the z direction is chosen to be Az - 0.3Ao, ß 

where Ao - C/Wpio is the lobe ion inertial length. 
The cell size in the x direction is Ax - 2Az. The 

plasma beta in the lobes is assumed to be /•o - 0.1 
in the simulation, which corresponds to an ion gyro- 
radius pio - 0.3Ao. The electron temperature is as- 
sumed to be zero. The length of the simulation domain 
is L• - 200A0 in the x direction and L• - 100Ao in the 
z direction. For an ion number density No -• 0.05cm -a 
in the lobe, this value corresponds to a system length 
of 32 Re in the x direction. The spatial profile of the 
resistivity imposed in the simulation corresponds to a 
collision frequency 

v - roe -(•'+•')/•o• (7) 

where vo - 1.5flo and flo is the ion gyrofrequency in 
the lobes. In the simulation the time step to advance 
the ion velocity is chosen to be At - 0.02flo. 

The initial profile of the x component magnetic field 
is given by 

B•(z) - B•otanh[z/5] (8) 

where B•o is the x component magnetic field in the 
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lobes and 5 is the half width of the initial current sheet, 
which is chosen to be equal to •o. The profile of the y 
component magnetic field is assumed to be 

By(z) - Byo (9) 

where Byo is the guide field in the lobes. The profile 
of ion thermal pressure is determined from the total 
pressure balance across the current sheet. A constant, 
isotropic temperature profile is assumed. The ion num- 
ber density is thus given by 

I [1_(B•2o/Bo2)tanh2(z/5 ) 2 2 -(Byo/Bo)]} N ( z ) - No { l + •o ø 
(10) 

where Bo - (B•2o + By2o) •/2 is the total magnetic field 
in each lobe. 

In the simulation the time is in units of f•. For 
the results shown in this paper the magnetic field is ex- 
pressed in units of Bo, the ion number density in units 
of No, and the temperature in units of the lobe temper- 
ature To. The velocity is normalized to the lobe Alfven 
speed V•o, and the spatial coordinate is normalized to 
•o. 

To understand the relation between the 2-D simula- 

tion and our 1-D hybrid simulation for the Riemann 
problem associated with a magnetic reconnection [Lin 
and Lee, 1995], we also compare our 2-D results with the 
1-D simulations. The 1-D hybrid code used in our study 
is that originally described by Swift and Lee [1983]. In 
the 1-D simulation a nonzero normal component of mag- 
netic field B• = Bz is introduced into the simulation 
system at t = 0, corresponding to the occurrence of a 
magnetic reconnection in which Bn is present along the 
reconnected field lines. The initial current sheet, which 
has a total pressure balance, then evolves with time, 
and various MHD discontinuities are formed. The 1- 

D simulation does not include the spatial variation in 
the x direction. The 2-D effects on the structure of the 

reconnection layer are discussed in this paper. 
We present simulations for two typical cases. Case 

I is a symmetric case with exactly antiparallel mag- 
netic fields (Bu = 0) in the lobes, corresponding to the 
Petschek [1964] model of a fast magnetic reconnection. 
Since a finite By may be present in the tail lobes [e.g., 
Fairfield, 1979], in case 2 the presence of a nonzero guide 
field Bu is considered. 

3. Case 1' By- 0 in the Two Lobes 
In case I the magnetic field strengths and plasma 

densities are equal in the two lobes, with Bx• - Bx2 = 
B•0 = Bo and N• = N2 = No, where the subscripts 
"1" and "2" represent the quantities in the north and 
south lobes, respectively. The guide field By = 0 on the 
two sides of the initial current sheet. The plasma beta 
/30 -0.1 in the two lobes. 

The left column of Figure I shows, from the top, the 
configurations of magnetic field lines, ion flow velocity 
vectors in the xz plane, and the contour plots of ion 
number density N, thermal pressure P, and parallel 
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Figure 1. Configurations of magnetic field lines, veloc- 
ity vectors, and contours of ion number density, thermal 
pressure, and parallel temperature at (left) t - 120Ft• x 
and (right) t - 280Ft• x in case 1. The four verti- 
cal dotted lines correspond to the four positions with 
x = x• = -15Ao, x = x2 = -50Ao, x = x3 = -85Ao, 
and x = x4 = -38Ao. 

temperature Tll at t - 120f• x. The right column of 
Figure 1 shows the simulation results at t = 280f• x. 
Notice that the the left column shows only the central 
part of the simulation domain. 

An outflow region develops after the onset of a mag- 
netic reconnection at the X line, which is located at the 
origin. In the outflow region the plasma is accelerated 
in the z < 0 (z > 0) region toward the left (right) side 
boundary, as shown in the streamline plots. It is seen 
from the field line configuration and the contour plots 
in Figure I at t = 120f• x that a leading bubble-like 
field configuration is formed in the left as well as right 
part of the outflow region. A decrease in magnetic field 
and enhancements in plasma flow speed, density, and 
pressure are present in the outflow region. 

On the other hand, in the region near the X line with 
Ixl < 20Ao, the region with the decreased magnetic field 
and increased ion density and pressure is much narrower 
than the leading bulge. Two pairs of relatively straight 
fronts of phase-standing shocks are formed to emanate 
in the xz plane from the X line. These fronts extend to 
the bulge regions, where they become curved, as seen 
from the field plot and the density and pressure con- 
tours in the left column of Figure 1. The straight shock 
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fronts are associated with a quasi-steady reconnection 
layer. This region with steady shock fronts elongates 
with the duration of the magnetic merging event. Our 
analysis indicates that the shocks are slow shocks, a 
finding discussed later in this paper. 

At a later time with t = 280f• l, which nearly corre- 
sponds to 7 min for a lobe field B0 •- 7 nT, the bulge 
region of magnetic field has moved out of the simula- 
tion domain, and only the steady reconnection layer 
appears, as shown in the right column of Figure 1. The 
angle between each shock front and the x axis is found 
to be ? = 3.8 ø. The plasma is accelerated by the slow 
shocks from upstream (lobe) to downstream (plasma 
sheet), while the slow shocks are located in the plasma 
sheet boundary layer region in the magnetotail. It is 
found that the magnetic field in the upstream region of 
each shock is slightly smaller than the initial lobe field, 
as a result of the presence of a fast mode expansion 
wave upstream of the shock [Lin and Lee, 1994]. This 
fast wave quickly propagates away from the reconnec- 
tion layer. It leads to the presence of a finite plasma 
inflow velocity upstream of the slow shock, which has a 
component in the -z direction. 

In general, at the transient stage of a reconnection a 
leading bulge-like magnetic configuration and a trailing 
reconnection layer are usually formed [see also Scholcr, 
1989; $hi and Lee, 1990; $emenov et al., 1992; LaBelle- 
Hamer et al., 1994]. If the duration of reconnection is 
short, the bulge-like structure will dominate the plasma 
outflow region. If magnetic reconnection occurs over a 
long time, the trailing reconnection layer will dominate. 

Figure 2 shows the ion velocity distributions at lo- 
cations in the z > 0 region along x - x3 - -85A0 at 
t- 280f• 1 and x - xa - -38A0 at t- 120f• •, where 
x3 is located in the trailing reconnection layer region 
and xa is in the leading bulge region, as shown by the 

2 ' 
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Figure 2. (Top) Ion velocity distributions (left) up- 
stream, (middle) in the transition region, and (right) 
downstream of the slow shock in case I along x = x3. 
The quantities V/x and V/z indicate the ion velocities 
in the x and z directions, respectively. (Bottom) Ve- 
locity distribution (left) in the lobe, (middle) in the 
plasma sheet boundary layer, and (right) in the plasma 
sheet center along x = x4. The solid line in each plot is 
aligned with the corresponding magnetic field direction. 

dashed lines in Figure 1. The left, middle, and right 
plots of the top panel of Figure 2 show the distributions 
of ion velocities in the xz plane at the positions s• with 
z = 7.5A0, s2 with z = 4.5A0, and ss with z - 0.3A0, 
respectively, along x - xs. The solid line in each plot is 
aligned with the corresponding magnetic field direction. 
Note that the position s• is just at the upstream edge 
of the slow shock, s2 is in the shock transition region, 
and ss is nearly at the plasma sheet center downstream 
of the slow shock. At s• a relatively cold plasma has a 
small flow velocity along the -z direction. At s•, two 
parts of ions are seen in the velocity contour plot at s•. 
One is the ions accelerated by the slow shock, which has 
an earthward (x (0) bulk flow speed nearly equal to 
the upstream Alfven speed, and the other is associated 
with the low-speed lobe ions. While the two streams of 
ions mix, the parallel ion temperature is enhanced in 
the plasma sheet boundary layer. At position ss, only 
the ions which are heated by the slow shock is seen. In 
addition, some downstream ions also stream back to the 
upstream of the shock, as shown in the left plot of Fig- 
ure 2. A strong temperature anisotropy with Tii • Tñ 
is found in the transition region of the slow shock, as 
will be shown later in this section, where Tii and Tñ are 
the temperatures parallel and perpendicular to the mag- 
netic field, respectively. The backstreaming ion beam 
has also been found in the 1-D hybrid simulations of the 
reconnection layer [Fujimoro and Nakamura, 1994; Lin 
and Lee, 1995], 2-D hybrid simulations of magnetic re- 
connection [e.g., Krauss-Vatban and Omidi, 1995], and 
satellite observations in the magnetotail [e.g., $aito ½t 
al., 1996]. Because the ionosphere is not considered 
in our simulation, no tailward beam is observed in the 
plasma sheet boundary layer. In the upstream region, 
e.g., at point Sx, Tñ is much larger than Tii , consis- 
tent with the recent GEOTAIL observation reported 
by $aito et al. [1996]. 

The ion velocity distributions along x - x4 are shown 
in the bottom panel of Figure 2. The left, middle, 
and right plots correspond to the positions at s4 with 
z = 7.5A0, s5 with z = 3.6A0, and s• with z = 0.3A0, re- 
spectively. At position s4 the bulk flow velocity of ions 
is nearly zero. In the plasma sheet boundary layer, two 
parts of ions with different flow velocities exist, as shown 
in the middle plot for s•. Near the plasma sheet cen- 
ter at position s• the ion velocity distribution is more 
isotropic. The above result at the transient stage of 
the magnetic reconnection is very similar to that in the 
quasi-steady reconnection layer. 

The shocks are formed from the disturbances at the 

site of reconnection, i.e., at the X line. A clear separa- 
tion between the two slow shocks in case 1 requires a 
sufficient distance from the X line along the x axis. Near 
the X line the shocks may be too close to each other, 
and the downstream region of each shock is not well de- 
veloped, so that the change of physical quantities across 
each shock does not satisfy the Rankine-Hugøniøt jump 
conditions for a steady slow shock. At a larger distance 
from the X line it is expected that the agreement with 
the Rankine-Hugøniøt conditions is improved. 
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The left three columns of Figure 3 show the pro- 
files of Bx, By, Bz, magnetic field strength B, ion 
flow velocity components Vx, Vy, and Vz, ion number 
density N, Tll , and Tñ at t - 280fi• x as a function 
of z at x = xx = -15A0, x = x2 = -50A0, and 
x - xa = -85A0. The three positions xx, x2, and xa are 
indicated in the right column of Figure 1, correspond- 
ing to the three different distances from the X line in 
a quasi-steady reconnection. At each of the three posi- 
tions, two shock fronts are present, whose positions are 
indicated by the two dashed lines at a and b. in Figure 
3. Across each front from upstream to downstream the 
magnetic field decreases, while the ion number density, 
flow speed, and temperature increase. Among the three 
positions x - x•, x2, and xa, x• is the nearest to the 
X line, and the two shock fronts are the closest to each 
other. The increase of plasma flow speed across the slow 
shock at x - xx is only about 0.4 of the upstream Alfven 
speed VA0, and the increases in ion number density and 
temperature are also small, as shown in the left column 
of Figure 3. At x = x2 the two shocks are more sepa- 
rated from each other, and the increases of flow velocity, 
plasma density, and temperature at the slow shock be- 
come larger. At x -- xa, the point farthest away from 
the X line, the separation distance between the two slow 
shocks is the largest. Correspondingly, the largest en- 
hancement in flow velocity among the three positions 
is obtained, which is very close to the upstream Alfven 
speed. 

The jumps of magnetic field and plasma quantities 
across the shock on the z > 0 side at x = xa are es- 

timated as follows. For the shock front, which has an 
angle ? relative to the x axis, the tangential component 
of the magnetic field at the shock is given by 

Bt - B•cos?- Bzsin? (11) 

and the normal component is given by 

B. -[Bzcos? + B•sin3,1 (12) 

In the upstream region the magnetic field components 
are found to be Ba:u - 0.91B0, Byu - O, and Bzu • 
-0.18B0. For ? - 3.8 ø the tangential and normal 
components of the upstream magnetic field are thus 
Btu - 0.92B0 and Bnu - 0.12B0, respectively. The 
shock normal angle OnB -- tan-X(Btu/Bnu) •- 82.5 ø. In 
the downstream region of the shock, which is at the cen- 
ter with z • 0, the magnetic field components are found 
to be B•a -• O, Bta - 0.007Bo, and B,a -• 0.12Bo. 
Note that Bnu • Bnd = Bn, consistent with the 
Rankine-Hugoniot conditions of a steady shock. The 
ratio of downstream to upstream tangential magnetic 
field is thus RBt -- 0.01. The normal component of the 
flow velocity is found to be V,u - 0.17VAo upstream 
and V,a -• 0.055Vzo downstream. Therefore we have 
V,a/V,•, - 0.32. The ratio of downstream to upstream 
ion number density is found to be Rs = Na/Nu •- 3.2. 
Thus we have Na/Nu - Vnu/Vnd, as expected for a 
quasi-steady shock. Upstream of the shock front the 
plasma beta is found to be flu -• 0.1. The intermediate 
Mach number of the shock is Mr = Vnu/C• •- 0.85, 
where C• = C•0(1 -au) •/2 - 0.20 is the upstream in- 
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Figure 3. Spatial profiles of B•, By, Bz, magnetic field strength B, velocity components Vx, Vy, 
and Vz, ion number density N, and the temperatures Tll and Tñ along x - xx, x2, x3, and x4 in 
case 1. The vertical dotted lines at positions a and b indicate the fronts of two slow shocks. 
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termedlate mode speed in a plasma with a temperature 
anisotropy, Cr0 is the MHD intermediate mode speed, 
and au = (•ll - •ñ)/2 measures the degree of tempera- 
ture anisotropy. Note that in this case au is found to be 
approximately -0.06, and aa in the downstream region 
is approximately -17. On the other hand, the ratios 
of magnetic field and plasma density obtained from the 
Rankine-Hugoniot jump conditions for the slow shock 
[Chao, 1970] with •0 - 0.1, 0,B = 82.5 ø, Mr = 0.85, 
au = -0.06, and aa = -17 are Rm = 0.026 and 
R•v - 3.1, respectively. Therefore the jumps in mag- 
netic field, ion density, and normal flow velocity esti- 
mated from our simulation are found to be close to 

those from the Rankine-Hugoniot jump conditions for 
the slow shock. 

Nevertheless, the velocity change (Vt•- Vtu) across 
the slow shock is found to be 0.83VA0, which is still 
considerably less than the predicted value 1.3VA0, from 
the jump conditions. Note that the predicted velocity 
change across the slow shock is greater than the ini- 
tial upstream Alfven speed V•0 because of the tempera- 
ture anisotropy developed in the reconnection layer. In 
addition, the measured temperature ratios are RT, -- 
Tiia/Tii u "' 5.0 and RTx = Tñ•/Tñu "' 3.0, while the 
Rankine-Hugoniot jump conditions predict Rr, - 6.0 
and Rr• = 3.8. Notice that the magnetic field de- 
creases slowly and reaches zero only at z •0 0, an indi- 
cation that transition layer of the shock has not fully 
developed. This may cause the Rankine-Hugoniot jump 
conditions not to be perfectly satisfied at the shock. It 
is expected that the full development of the slow shocks 
can be obtained at a distance from the X line where 

the separation between the shocks is greater than a few 
tens of ,X0. 

The slow shock in the z < 0 region at x - x3 is 
also found to nearly satisfy the Rankine-Hugoniot jump 
conditions. At x = x• and x2, however, the Rankine- 
Hugoniot jump condition for the slow shock are less 
satisfied. 

Note that the slow shocks in the 2-D simulation of 

case 1 are not switch-off shocks, while in the 1-D simu- 

lation two switch-off shocks are present in the symmet- 
ric case with By = 0 in the two lobes. Because of the 
finite angle between the shock front and the x axis the 
magnetic field with Bx• - 0 does not mean Bta = O. 

On the other hand, the right column of Figure 3 
shows the spatial profiles of various quantities at x - 
x4 = -38A0 at t = 120f• •, which is located in the 
bulge region of the magnetic field. The magnetic field 
decreases and ion number density and flow speed in- 
crease from either lobe region to the plasma sheet cen- 
ter (z -• 0). This structure looks like a slow shock. The 
profiles, however, appear to be very different from those 
in the steady reconnection layer region at x - x•, x2, 
and x3. The increase in ion number density is much 
larger than that expected from the Rankine-Hugoniot 
jump conditions of a steady slow shock, e.g., at x - xs. 
Meanwhile, the acceleration of plasma flow is much less 
than that at the steady shock, as seen from the veloc- 
ity profiles. The curved front in the bulge region in 
Figure I cannot be identified as a steady shock. This 
structure is evolving with time as the bulge region prop- 
agates. The shock normal angle of this time-dependent 
structure is smaller than that of the steady part in the 
trailing reconnection layer. 

For comparison, Figure 4 shows our 1-D hybrid simu- 
lation results for case 1. The left, middle, and right pan- 
els show spatial profiles of Bx, V•, and N, respectively, 
for a time sequence from t - 0 to t = 425f•. Note that 
the x component is tangential to the normal direction 
in the 1-D simulation. Two slow switch-off shocks de- 

velop in the reconnection layer. The intermediate Mach 
number of the switch-off shock is Mr •- 1. The shock 
front of the slow shock on the z < 0 (z > 0) side prop- 
agates to the lobe in the +z (-z) direction along pp• 
(qq•), as shown in Figure 4. The ion number density, 
flow speed, and temperature increase across each slow 
shock. In the downstream region the magnetic field 
possesses a large-amplitude, left-hand-polarized helical 
wave train. The downstream magnetic field oscillates 
around the tangential field Bt = 0, as seen from the B• 
profile. A consistent wave structure is also seen in the 
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t = 425Ft• • 

t - 350Ft• • 

t = 250Ft• • 

t = 160Ft• • 

t = 80Ft• x 
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Figure 4. Spatial profiles of B•, V•, and N in a time sequence obtained from the 1-D simulation 
of case 1. The fronts of two slow shocks propagate along pp• and qq•. 
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ion flow velocity profile. Similarly to the 2-D simula- 
tion result, a significant increase in Tii is found in the 
shock layer, and a backstreaming ion beam is present 
in the upstream region of the slow shocks. Note that in 
the 1-D simulation the decrease of ion number density 
from the initial value at the center of the current sheet 
is much slower than that in the 2-D simulation. The 

two shock fronts propagate away from each other with 
time. The clear downstream structure can be seen only 
when the two shocks are separated by a sufficient dis- 
tance, which corresponds to a long enough simulation 
time. 

The time t in the 1-D simulation corresponds roughly 
to the distance x from the X line in the 2-D steady 
reconnection configuration [œin and œee, 1994, 1995]. 
At a distance x near (far from) the X line the profiles 
of physical quantities along z are similar to the profiles 
in the 1-D simulation at an early (late) time. 

The large-amplitude rotational wave train in the mag- 
netic field, present in the 1-D simulation of case 1, is not 
seen in the 2-D simulation shown in Figure 1. œee et 
al. [1989] and Lin and Lee [1995] have suggested that 
the lack of a coherent wave train in slow shocks may be 
due to the fact that the slow shock is a non-switch-off 
shock. In 1-D simulations of the reconnection layer the 
slow shocks become non-switch-off shocks if the guide 
field By0 is nonzero in the lobes. The coherent wave 
train is found to disappear when Byo • 0.08Bxo, which 
corresponds to a non-switch-off shock with Mr ( 0.98 
for t)nB = 75 ø. In the above 2-D hybrid simulation, 
the slow shocks are non-switch-off shocks because the 

shock front angle ? • 0. This inequality may lead to 
the disappearance of the coherent wave train. In ad- 
dition, it is also likely that the separation between the 
two slow shocks in Figure 1 is not large enough for the 
downstream structure to become fully developed. 

The appearance of slow shocks has also been found 
from 2-D MHD theories [e.g., Seinenov et al., 1992] and 
simulations [e.g., $ato, 1979; $hi and Lee, 1990; Yan et 
al., 1992] for the Petschek [1964] type reconnection. The 
decrease in magnetic field and increase in plasma den- 
sity and temperature across the slow shock have been 
obtained. Nevertheless, the kinetic structure of slow 
shocks in a collisionless plasma cannot be studies by 
the MHD models. 

The simulation of case I suggests that the lack of a 
coherent wave train in slow shocks observed in the dis- 

tant magnetotail may be due to the 2-D effects of the 
reconnection layer, which lead to the presence of non- 
switch-off shocks, as described above. The 2-D effects 
have also been suggested by Lee et al. [1989] based on 
2-D MHD simulations of magnetic reconnection, which 
suggest that the slow shocks in most regions of the dis- 
tant tail are non-switch-off shocks. 

4. Cases with By • 0 
In case 2 the x component magnetic field in the two 

lobes is Bxo - 0.87B0, and the guide field Byo - 
0.5B•0. The plasma density and pressure are symmet- 
ric across the initial current sheet. Note that in order 

to see the effects of By more clearly, a relatively large 
Syo is chosen in this case. We first show the 1-D hybrid 
simulation of case 2. The 2-D simulation results then 
follow. 

The left column of Figure 5 shows the hodograms of 
tangential magnetic field obtained from the 1-D simu- 
lation at t- 0, 43• 1 86• • 129• • 172• • and 
470• •. The spatial profiles of B• (solid lines) and By 
(dotted lines) at the corresponding time instants are 
shown in the second column of Figure 5. The third and 
fourth column present the spatial profiles of V• and N, 
respectively. Two discontinuities are formed in the re- 
connection layer. A rotational discontinuity RD1 prop- 
agates to the lobe in the z • 0 region. Another rota- 
tional discontinuity RD2 propagates to the lobe on the 
z • 0 side, as indicated in the top panel in Figure 5. 
In early times (t < 129• •) the two rotational discon- 
tinuities are not separated. The By component only 
slightly increases from the lobe to the plasma sheet, 
while the ion number density increases greatly. The 
rotation of the magnetic field in the xy plane is not 
clear. At t < 86• • the field hodogram is almost fiat, 
as shown in Figure 5. 

On the other hand, at t - 470• x, RD1 and RD2 
are clearly separated. The magnetic field rotates from 
B• - -0.75Bo and By - 0.35Bo to Bx _ 0 and 
By _• 0.7Bo across the rotational discontinuity RD1. 
Notice that the magnetic field strength slightly de- 
creases and ion number density increases across the 
rotational discontinuity. The changes in the magnetic 
field and ion density at the rotational discontinuity are 
due to the presence of Tii > Pñ in most regions of the 
reconnection layer. The ion flow is accelerated across 
the rotational discontinuity and slow shock. The change 
of the flow velocity across the rotational discontinuity 
is found to be nearly equal to the change of the Alfven 
velocity across the discontinuity. 

Our MHD simulations of case 2 indicate that there 
exist two slow shocks between the rotational discon- 

tinuities RD1 and RD2 [Lin and Lee, 1995]. The slow 
shocks, however, are too weak to be identified in the hy- 
brid simulation because of the temperature anisotropy. 

The 2-D hybrid simulation results of case 2 are shown 
in Figures 6 and 7. Figure 6 shows the configuration 
of magnetic field lines, the streamlines, and the con- 
tour plots of ion number density, thermal pressure, and 
parallel temperature in the xz plane at t - 175f• • 
obtained from the 2-D simulation of case 2. Similarly 
to case 1, a leading bulge region and a trailing quasi- 
steady reconnection layer are formed in the outflow re- 
gion of the magnetic reconnection, as shown in the mag- 
netic field and plasma plots in Figure 6. The magnetic 
field decreases and plasma pressure and temperature 
increase across the plasma sheet boundary layer. In ad- 
diron, an accelerated flow is present in the plasma sheet. 
Similarly to case 1, a strong enhancement in the paral- 
lel temperature is present in the plasma sheet boundary 
layer. 

We show the profiles of various quantities along the 
z direction at three different x positions. Figure 7 
shows the profiles at s• with x - x• - -40A0, s2 with 
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Figure 6. Two-dimensional simulation results of case 2 
at t = 175f•1: field line configuration, flow vector plot, 
and the contours of ion number density and parallel 
temperature. The three vertical dotted lines correspond 
to the three positions with x = xl = -40A0, x = x2 = 
-50A0, and x = x3 = -75A0. 

x = x2 = -50A0, and sa with x = xa = -75A0. Among 
them, x x is located in the steady reconnection layer re- 
gion, and x2 and x3 are in the leading bulge region, 
as indicated in Figure 7. At x = xx the By compo- 
nent of magnetic field increases across the plasma sheet 
boundary layer, while Bx decreases. It is found that the 
hodogram of tangential magnetic field at x = x x is very 
similar to that obtained from the 1-D simulation results 

at very early times. The layer that contains disconti- 
nuities appears to be gradually wider as the distance x 
is gradually farther away from the X line. In addition, 
the flow speed and ion number density increase across 
the boundary layer. We have run the case until the 
leading bulge region has moved out of the simulation 
domain and found that the spatial profile of the tan- 
gential magnetic field near the edge of the simulation 
domain is very similar to that at x = x x, except the 
change of By across the boundary layer is larger. 

At x = x2, the By component of the magnetic field 
and plasma density are also found to increase across 
the boundary layer. The density increase, however, is 
much larger than that at x = xl, as seen in Figure 7. At 
x = x3, which is further into the leading bulge region in 
the 2-D reconnection configuration, an accelerated ion 
flow is present on either side of the plasma sheet center, 
indicating that the high-speed flow is also bulge-like. 
At the center of the plasma sheet, however, the flow 
speed is not large. Similarly to case 1, the bulge region 
evolves with time. No steady rotational discontinuity is 
found in this region, although the tangential magnetic 
field shows a rotation. 
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Figure 7. Spatial profiles of magnetic field, velocity, 
and ion number density along x - x•, x2, and x3 in 
case 2. 

We have also run the cases with Byo = 0.lB0, 0.7B0, 
and 1.0B0. The results are similar to those of case 2. 
Our 1-D hybrid simulations show that a coherent wave 
train exists in the reconnection layer if Syo < 0.08Sx0, 
and the wave train disappears for the cases with Syo _• 
0.08Bx0. The disappearance of the wave train is associ- 
ated with the presence of non-switch-off slow shocks in 
the reconnection layer. In our 2-D simulation, no large- 
amplitude wave train structure appears in the simu- 
lation domain for the cases with Byo • O, possibly be- 
cause the simulation domain is not large enough, so that 
the slow shocks are not well developed. In addition, the 
finite angle between the shock, or discontinuity, fronts 
and the x axis may also reduce the critical By above 
which the coherent wave does not exist. 

5. Summary 

We have carried out 2-D hybrid simulations to study 
the structure of the reconnection layer in the distant 
magnetotail. The results are also compared with the 
1-D hybrid simulations for the corresponding cases. A 
summary of the simulation results are given below. 

1. In general, a leading bulge-like magnetic configura- 
tion and a trailing reconnection layer are usually formed 
in a magnetic reconnection. If the duration of the recon- 
nection is short, the bulge-like structure will dominate 
the plasma outflow region. If magnetic reconnection 
occurs for a long time, the steady, trailing reconnection 
layer will dominate. 

2. For the symmetric lobes with By - 0, two pairs 
of slow shocks are present in the quasi-steady reconnec- 
tion layer. The shock fronts emanate from the X' line 
nearly along the x direction, with a small flaring an- 
gle toward the z direction. The full development of the 

slow shock structure requires a sufficient distance from 
the X line along the x axis, where the two shock fronts 
separate by more than a few tens of the lobe ion iner- 
tial lengths. It is found in our 2-D hybrid simulation 
that the Rankine-Hugoniot jump conditions of the slow 
shock become better satisfied as the x distance from the 
X line increases. 

3. For the cases with By • 0 in the two lobes, 
two rotational discontinuity-like structures appear to 
develop in the quasi-steady reconnection layer. Across 
the structure By increases from the lobe to the plasma 
sheet. 

4. In the leading bulge region of a magnetic recon- 
nection the magnetic field configuration is time depen- 
dent. No steady MHD discontinuities are found. Across 
the plasma sheet boundary layer the increase of the 
flow velocity appears to be much smaller than that pre- 
dicted from the Rankine-Hugoniot jump conditions for 
a steady discontinuity, and the increase in the ion num- 
ber density is much larger. 

5. A significant increase in the parallel ion tempera- 
ture is found in the plasma sheet boundary layer. Ion 
velocity distributions in the boundary layer show the 
presence of two ion beams; one is associated with the 
accelerated ions by the slow shock, and the other con- 
tains the cold ion population from the lobe. In addition, 
a backstreaming ion beam from the downstream region 
is present in the upstream of the slow shock, which is 
seen in both the 1-D and 2-D hybrid simulations for 
the reconnection layer. Upstream of the slow shock, 
the perpendicular temperature is larger than the par- 
allel temperature. The ion dynamics and the kinetic 
structure of the reconnection layer cannot be obtained 
from MIlD simulations. 

6. The 1-D simulation for the structure of the re- 

connection layer can be related to the 2-D steady state 
reconnection configuration. The time t in the 1-D simu- 
lation roughly corresponds to the distance x from the X 
line. The profiles of physical quantities in the 1-D simu- 
lation at an early (late) time correspond to the profiles 
in the 2-D simulation at a small (large) x distance from 
the X line. Nevertheless, because of the 2-D effects the 
shock structure in the 2-D simulation may be different 
from that in the 1-D simulation. The slow shocks in 

the 2-D reconnection layer with lobe By - 0 are non- 
switch-off shocks, while in the 1-D simulation they are 
switch-off shocks with an intermediate Mach number 

M• _• 1. A large-amplitude rotational wave train is 
present downstream of the switch-off shocks in the 1-D 
simulation. 

7. The large-amplitude rotational wave train is not 
found in the present 2-D simulations for the reconnec- 
tion in the magnetotail. This may result from the pres- 
ence of the slow nonswitch-off shocks due to the 2-D 

effects. In addition, the simulation domain is not long 
enough for the structure of slow shocks to fully develop. 
Note that the coherent wave train structure of slow 

shocks has not been observed in the magnetotail. 
In addition, other mechanisms have also been pro- 

posed to explain the lack of coherent waves in slow 
shocks in the magnetotail. Lin and Lee [1995] have 
shown that the presence of a finite By or an unequal 
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plasma density in the two lobes may lead to the pres- 
ence of non-switch-off slow shocks and thus the disap- 
pearance of the wave train. Winsk½ and Omidi [1990] 
have suggested that the damping of the downstream 
wave train in slow shocks may be associated with the 
electromagnetic ion/ion cyclotron instability due to the 
ion beams. Fujimoto and Nakamura [1994] have sug- 
gested that the existence of heavy ions in the magneto- 
tail may lead to the damping of the coherent waves in 
slow shocks. 

Our simulation indicates that a steady slow shock 
cannot be found in the transient stage of a magnetic re- 
connection in the magnetotail. In the near-tail plasma 
sheet boundary layer the increase of the ion density 
is often observed to be much higher than that for a 
steady shock, and the flow acceleration is much smaller 
[e.g., Cattell et al., 1992], consistent with our simula- 
tion results in the leading bulge region of the magnetic 
reconnection. While the near-Earth reconnection con- 

figuration is more complicated because of the presence 
of the ionosphere, a further investigation with a more 
adequate boundary condition is needed. 
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