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Abstract

Magnetospheric substorm in the magnetotail region is studied numerically by means of
a three dimensional MHD code. The analytic solution {or the quiet magnetatail is employed
as an initial configuration. The localized solar wind is modeled to enter the simulation
demain through the boundaries located in the magnetotail lobe region. As a result of
the interaction between ihe solar wind and ithe magnetosphere, the magnetic field lines
are stretched, and the plasma sheet becomes thinner and thinner. When the current
driven resistivity is generated, magnetic reconnection is triggered by this resistivity.
The resulting plasma jetting is found to be super-magnetoscnic. Although the plasmaid
formaiicn and its tailward motion is not quite clear as in ihe twao dimensional simulation,
which is mainly hecause of the numerical model chosen for the present simulation, the
rarification of the plasmas near the x-point is observed. Field aligned currenis are observed
in the late expansive stage of the magnetospheric substorm. These field aligned currents
flow from the tail toward the ionosphere on the dawn side and from the jonosphere Lloward
ihe tall on the dusk side, namely in the same sense of the region 1 current. As the field
aligned currents develep, it is [pund that the cross tail current in the earth side midnight

section of the magnetic x-point is reduced.

1. Introduction

Magnetic reconnection in the tail is widely believed to be the direct cause of magneto-
spheric substorms. Based on observational evidence, a phenomenoclogical model of sub-
storms in the tail has been developed(Hones, 1977). In this near-earth neutral line model,
reconnection on the dayside magnetopause is followed by the formation of a new neutral

line in a localized region in the near-earth plasma sheet{McPherron et al, 1973). On the
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earthside of the neutral line, the plasma sheet thickens and the magnetic field becomes
more dipolar. The earthward plasms sheet is characterized by earthward flow and =
northward magnetic field. On the tailward side of the neutral line, the plasma sheet thins
as a magnetic bubble flows tailward away {rom the earth.

Several observational studies have inferred a localized transient field aligned curvent
system near midnight during substorms(Akasofu and Meng, 196%; McPherron et af, 1972).
This current flows into the ionosphere on the morning side and away on the evening
side and is believed to be connected to the westward electrojet in the ionosphere. Atkinson
{1966) suggested that such a current system would result from localized reconnection
in the magnetotail and Sato(1982) has developed a medel for the resulling field aligned
currents based on his simulation.

Several numerical magnetohydrodynamic(MHD) models of reconnection in the tail have
been developed. These include studies of tearing mode reconnection(Birn and Hones, 1981 ;
Sato and Walker, 1982 ; Forbes and Priest, 1983) and studies of driven magnetic recon-
nection{Sato, 197%: Min ei al., 1985). Birn and Hones(1981) presented a three dimensional
simulation of tail dynamics. Siarting with self-consistent tail models(Birn, 1979}, they solved
the MHD equations throughout the iail. In this calculation, the tearing mede instability
was driven by a sudden increase in resistivity. The calculation reproduced many of the
features of the near-earth neutral line model. After the resistivily was turned on, Lhe
plasma sheet began thinning and an x-type neutral line formed. A bhubble formed tailward
of the neutral line and began moving down the tail. The field aligned currents were
observed to be directed tailwards on the dawnside and toward the earth on the duskside.
They suggested that their current system was responsible for the subsliorm assocviated
changes in the region 2 currents of lijima and Potemra(1978).

In the present paper, the results of the driven reconnection caleulations in the three
dimensional model of magnetospheric substorm are reported. In particular, I will discuss
the changes in the magnetospheric currents which result from driven reconnection with
emphasis on the generation of field aligned currents. I will also discuss the plasma flows
which result from driven reconnection. These results will be compared with the results

of the observation.
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2. Numerical Model

In the iwo dimensional study(Min et al, 1985). the dipole magnetic fleld was used as
an inilial configuration along with the constant pressure everywhere. This dipole field
was developed into a tail-like configuration as a result of interaction with the solar
wind. Subsecuent evolution of the magnetotail including magnelic reconnection can he
modeled self-consistently.

Limitations of computer time and memory put even more severe restrictions on the
three dimensional study than the two dimensional one. Thus, instead of starting with a
three dimensional dipole field, a three dimensional analytic solution for tail-like config-
nration is used as an initial condition. At present time there is no exact solution available
for the magnetophere in static equilibrium. However, Birn and his colleagues{1977a, 1977h,
19797 developed an asymptoiic solution for the magnetotail region assuming the smallness
of the north-south component of the magnetic field and the variations in the sun-earth

direction as well as in the dawn-dusk direction. The result is
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For the present study A = 0.4 is taken. gqo = 0.1 * 160" ? is a nomalization constant. Here,
%, v, and z are normalized by 1Rx(=6,400km). Figure 1 shows the configuration of the
equilibrium calculated in this way; (&) the magnetie field configuration, and {b) the pressure
distribution. Tn the present study the simulation domain is located deep inside the magne-

tosphere, 1e,20< x =< 80, —10= y = 10, and —12= z = 12. Although there is a [inite B,
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Fig. 1. Noon-midnight meridian eross section of the three
dimensional analytic solulion for the quiet magneto-
sphere | (a) magnetic field lines. and (b} pressure
distribution.

component which varies in the dawn-dusk dirvection, other guantities such as B, , B.. and
P do not vary much in the y-direction, in contrast to the initial configuration for the
simulation study by Birn and Hones(1981) where the pressure increases toward the flank
of the tail. This is due to our choice of free parameters. However, since we are concerned
about the central regin of the tail, and the model involves plasma entry from the external
source(solar wind), the initial variation in the dawn-dusk direction may not be so re-
levant to the substorm expansive stage as far as the present model is concerned.

To fit our choice of parameters quantitatively to the observed values{¥Tairfield, 1979)

the normalized magnetic lield intensity By ts 1aken to be 2.5 x 10 Gauss. Then, the nor-
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malized pressure, Py = S—Ln, is determined to be 2.4 % 10° dynes/cm® At this point we have
freedom to choose the density and the temperature distribution as long as they give the
same pressure values determined by the equation (1). In this simnlation the densily is
given uniformly at the value n{mumber density} = 0.5/cm?, or the mass density o= 835
¥ 107%g/cm?, and the temperature is determined accordingly. With this choice the tempe-
rature at x =50, z =0 is ahout b0CeV, which Is not unrealistie. Since our solution is for
the static equilibrium, the plasma is initially assumed tc be at rest without any macro-
scopic flow velocity., The normalized Alfven velocity Vip=800km/sec, and the Alfven tran-
sit time ra = L/Va = 8sec, where L = 6,400km. In the actual calculations all wvariables
are normalized according to the above characteristic guanlities, and the discussions here-
after will be made in terms of the normalized guantities.

The usual resistive MHD equations, with the ratic of the specific heats taken to be

b . . . ¥’
3 are normalized and transformed into the two-step Lax-Wendroff scheme. Since the

system is assumed symmetric about the equatorial plane and the meridian plane, the cal-
culalions are performed only for the dawn side northern hemisphere, and the mirror
boundary conditions are imposed on the symmetric planes, i.e. the equatorial plane{z =
0 and the meridian plane (y =0). Free boundary conditions are imposed on the earth
side boundary{x = 20), tail side houndary(x = 80), and the dawn side boundary{y = 10).
The sclar wind plasma, which inirudes into the magnetcsphers, presumably as a result
of dayside recennection, is modeled 1o enler the simulation box through the tall lobe boun-
daries(z = £ 12). The solar wind considered here is the plasma {low after its passage
through the bow shock and the magnetopause, since the simulalion region is located
deep 1mside the magnetosphere. Thus, the solar wind in this model is not super-Alfvenic.
More on the solar wind entry mode! will be discussed in section 3. The simulation box
of the dawn side northern hemisphere s divided into 41 x 22 % 4i grids so that the mesh

size is 1.5Rr in the x-direction, 0.bR: in the y-direction, and 0.3R: in the z-dirsction.

3. Results
Before studying the interaction between the solar wind and the quiet magnetosphere,

the asymptotic solution for the equilibrium is tested by means of the numerical simula-

tion with the ideal MHD eguations, while the variables at the boundaries are fixed at
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the initial values,-and it is found that the equilibrinm solution is good enough to he nsed
as an initial configuration for the present study. Until T =50 there is no significant change
in the configuration of the magnetic field and in the plasma sheei structure. This test
run also proves that our numerical diffusion is unimportant, and we can safely separate
the physical result from the numerical one.

The solar wind entry is modeled by the boundary cenditions on the tail lobe boundary.
Namely, for the magnetic field, By =0, and B.is determined from the solenoid condition,

v -B=10, Also,

By

o= Fanal Bz [
milal

BZ
P = Pmlual m ]
A 2re{x —50) Ty
oYz = 4 (1+cc:|s——Lx ) (1 + cos LY),

and pVx and pV, are adjusted so that the mass flow vector is always perpendicular to
B at the boundary. Here, LLx = 60 and L, = 10. Ay is increased monctonically from 0 to
0.2 in 10r4 and maintained at the same value thereafter. The resulting plasma flow veloc-
ity is sub-Alfvenic everywhere on the tail lobe boundary.

When the interplanetary magnetic field is oriented southward, dayside reconnection is
enhanced and the entry of the solar wind plasma can be thought to be localized in the
meridian plane, rather than being thought to be broad over the entire dawn-dusk direction.
Also, the observational fact that the plasma sheet thinning before the onset of the substorm
expansive phase is frequently detected at the distance less than 15Hg while the Vela satellites
at x~ 18Rk do not usually observe the thinning implies that the spatial extent of the thin-
ning region is rather linftited. In the discussion of the previous two dimensional simulation
result(Min et «l., 1985) it was argued that the plasma sheet thinning is due to the solar
wind stresses. Thus, the limited spatial extent of the plasma sheet thinning in the x-direc-
tion may come from the spatially localized solar wind stresses in the x-direction. The
present particular plasma entry model is chosen in view of such localization of the =olar

wind flux in both the x- and y-direction.
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Since we assume magnetic reconnection as a mechanism for the magnetospheric sub-
storm, we need plasma resistivity which will trigger magnetic reconnection, with the
assumption of the resistive Ohm’s law. The resistivity in this study is assumed to have

the following form, as in the two dimensional study,
ald — JPifdJ > Joo;
0 otherwise

where @ is B numerical parameter characterizing the current driven microscopic insta-
bility, J is the y-component of the current density, and J¢ is the threshold value. Particularly,
a = 0.05, Jc = —1.0, and the resultant maximum value of resistivity is about 0015 at T =
140. The dependence of the resistivity on the current density implies that our anomalous
resistivity is assumed to be generated by the current driven instability(Huba et al, 1977;
Sato 1979; Tanaka and Sato 1981a, 1981h).

As the solar wind plasmas entering from the tail lobe houndaries move into the pla-
sma sheet region, magnetic field lines are compressed and the plasma sheet becomes thinner.

Figure 2 shows the results at T =40: (a) the magnetic field lines on the meridian plane,

10 : (e 10 — ()

Zorrr
i —— R pEZZZ=Z

““

(d

10 T ¢y

2

75

Fig. 2. Ncon-midnight meridian cross section of the resuit
at T == 40: (a) magnetic field lnes, (b) pressure
distribution, (¢) plasma flow velocity, and (d) den-
sity distribution.
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(h) the pressure distribution on the meridian plane, (e} the vplasma flow velocity cn the
meridian plane, (d) the density distribution on the meridian plane. The magnetic field
line configuration does not change much at this time, although one can see the compression
of the magnetic field lines, if one looks at the figure closely. The plasma sheet in Figure
2 (b) shows the indication of our solar wind plasma entry patlern, namely a peaked solar
wind influx in the ceniral region with the decreasing function toward the boundaries,
However, it is interesting to note that the plasma sheet in the near earth region also
becomes thinner, while that near the tail side boundary does nol Plasma flow veloeity
plotted in Figure 2 {c) shows that the plasmas entering through the rail lebe boundaries
move out through the earth side boundary and the tail side boundary. as well as thro-
ngh the dawn and dusk boundaries(Figure 3). One interesting feature is that the plasma
flow toward the earth is Jarger than the flow toward the tail side boundary. The reason
is that the E = B dirft is in the earthward direction, with the dawn to dusk electric feld
penetrating from the boundaries and the northward magnetic field in the plasma sheet

region. In the plot of the plasma density distribution it is seen thal plasmas are piling
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Fig. 3. Plasma flow velocity at T = 40 on the y-z plane lo-
cated at 44Re from the earth,
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up in the central region. However, its change from the initial value is found to be Jess
than 20 percents. Also, the high density region appears near the tail lobe boundaries due
to our numerical model in which the plasmas move in through these boundaries. At this
time T = 40, the resistivity is still zero everywhere, since the cross tail current density
has not reached the threshold value yet.

The cross tail current density is initially peaked in the near earth region. However,
as the plasma sheet thinning process and the compression of the magnetic field lines
keep going on, the neutral current densily near the central region(x =50, z =0} be-
comes larger and the current driven resistivity is generated in this region first. Magnetic
reconnection starts in this central region at about T = 70 due toc the excited resistivity.
When the resistivity is excited, the development of the current density is suppressed by
this resistivity. Thus, the current density in ithe central region does not grow fasi, while
in the off central region, where the resistiviiy is not generated vet, the current density
increases rapidly, and then, the resislivity is excited there, too. As a result, magnetic
reconnection soon occurs everywhere up to the dawn and dusk boundaries of the pre-
sent model. It should be noted that the simulatien domain is located deep inside the mag-
netotail{ — 10 < y = 10). Thus, this spatial extent of the magnetic reconnection region up
to the dawn and dusk boundaries may not be unrealistic.

Figure 4 shows the result of the final stage of the simulation ! (a) the magnetic field
line configuration on the meridian plane, (b) the magnetic field line configuration on the
plane parallel to the meridian plane and located at v = 9, {¢) the plasma flow on the
meridian plane, and {d) the densily distribution on the meridian plane. The plots (a) and
(b) of the magnetic field lines in Figure 4 shew that the magnetie isiand is larger in
the tail region Lhan the earth side region of the magnetic x-point. This comes from the
fact that the x-component of the magnetic field is stronger in thé earth side region than
the tail region, which is assumed in the initial configuration. Thus, if the magnitude of
Bz is the same, since the {lux transferred is the same, the smaller B, makes larger mag-
netie island. Comparing the two figures of the magnetic field lines, Figures 4 (a) and
‘4 (D, one can see magnetic reconnection is more developed in the meridian plane than
the plane located at 9Rr an the dawn side, since magnetic reconnection has started ear-
lier in the central region, as discussed, Also, the magnetic x-point is closer to the earth
in the dawn and dusk boundary planes than the meridian plane. This behavior was also
seen in the simulation study by Birn(Figure 4 in the paper by Birn, in Magnetic Recon-

nection in Space and Laboratory Plasmas, edited by Hones, 1984), where the simple tea-
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Fig. 4. Substorm expansive phase at T = 140 ; {a} magnelic
field lines on the noon-midnight meridian plane, (h)
magnetic field lines on the plane parallel to the
meridian plane and located at 9R. on the dawn side,
(e} plasma flow velocity on the ncon-midnight merdian
plane, and (d) density distribution on the ncon-
midnight meridian plane.

aring mode friggered magnetic reconnection.

Figure 4 (¢} shows the strong plasma jetting across the x line. In contrast to the pre-
reconnection phase im which the earthward plasma flow was larger than the tailward
flow, the tailward plasma jetting is now larger than the earthward plasma jeiting in
the reconnection phase. The tailward plasma jetting speed is as high as 1000km/sec, which is
larger than the local magnetosonic speed{~ 400km/sec). Another interesting feature of
the plasma flow is that the plasmas enter the simulation domain through the dawn and
dusk boundaries in the reconnection phase(Tigure 5), in contrast to the pre-reconnection
phase in which the plasmas moved out through these boundaries. Also, the plasma velocities:
near the tall lobe boundaries are reduced, compared with Figure 3, although V., is fixed
&t the same value on these boundaries. This effect comes from the pressure gradient toward
the plasma sheet.

The plasma density at T = 140 is plotted in Figure 4 (d). The plasma density near the

x-point becomes low, in contrast to the pre-reconnection phase in which the density was
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Fig. 5. Plasma flow velocity at T = 140 on the y-= plane
located at 44Rg from the earth.
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peaked near the central region{Figure 2 (d)}. The peaked point of the plasma density
is located at x = 63, z = 0. Plasmoid-like density distribution is shown around this peak-
ed peint. However, this bulk of plasmas is not surrcunded by the closed loop of the ma-
gnetic {ield lines, and it should not be regarded as a plasmoid which was detecied by the
satellite observations and seen in the previous two dimensional simulation study. The
present ohscure picture of the plasmoid may be due to our numerical model in which the
plasma entry boundaries(tail lobe boundaries) are too close to the plasma sheelb region.
However, the rarification of the plasma near the x-point indicates that the formation of
the plasmoid and its motion can also arise in the three dimensional case.

The cross 1ail current density and the field aligned currents at T = 140 are plotted
in IMgure 6:(a) the y-component of the cross tail current on the y-z plane located at
x = 26, {(b) the cross section of the distribution of the field at x = 26, and {¢) the cross
section of the distribution of the field aligned currents on the y-z plane located at x =
38. A close loock at Figure 6 (a) reveals that the cross tail current is reduced in the
midnight region. The field aligned currents are ploited in Figure 6 (b). Note that this

plane is located in the earth side of the magnetic x-poini. The magnitude of the peaked
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field aligned current is observed to be about 20 percent of Lhe local value of the cross
tail current. The field aligned current observed in this model has the same sense of the
region 1 current, that is, it {lows toward the ionosphere from the tail on the dawn side,
and it flows toward the 1ail from the ionosphere on the dusk side. These results are opposite to
those obtained in the simulation study by Birn and Hones(1981), and agree with the results
studied by Sate =@ al. (1984). Also, the field aligned currents in cur model are generated
in the late stage of magnetic reconnection, in contrast to the case of the simple tearing
mode simulation by Birn and Hones(1981) in which the field aligned currents increase
rapidly until magnetic reconnection occurs and they remain more or less at the sieady
vaiues afterwards.

The energy conversion due to magnetic reconnection can be siudied by using Figure
7. The curve a represents the plasma acceleration and the curve b represents the Joule
heating in the system. Both of the curves show sharp increases after T = 70, which im-
plies that magnetic reconnection starts at T = 70 and it develops afterwards. In the pre-
sent three dimensional study the plasma acceleration is about four times as large as the

Joule heating at T =140,
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Fig. 7. Energetics of the system . (a) plasma acceleration,
and (b} Joule heating.

4. Discussion

In this section the simulation results will be compared with the observations and the
theoretical models. In particular, the generation of the field alipned currents and the
substorm curreni system will be studied.

The field aligned current in the distant tail region is not well studied observationally.
Frank ei al.(1984) reported that the field aligned currents observed in the boundary la-
ver of the plasma sheet have the regien 1 current signatures. It 'should be noted that

this cbservation was made during the substorm recovery phase with the ISEE-1 space-craft
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located at 19.8R: from the earth in the tail region. Thus, if magnetic reconnection should
play an important role in the generation of the field aligned currenis, the point of this
observation can be regarded as being located in the earthward region of the x-point, since
the magnetic x-point is thought to move tailward in the recovery phase,

The results of the present simulation, as discussed in section 3, show the region 1 si-
gnature of the field aligned currents : the currents flow from the tail toward the ionosphere
on the dawn side and from the ionosphere toward the tail on the dusk side(Figure 6
(b)). Also, as can be seen in Figure 6 (e), there is no systematically enhanced field ali-
gned current at x = 38. Thus, it can be argued that the field nligned currents are gene-
rated in the earthward region of the magnetic x point, not in the region around the x-
point.

These field aligned currents are diverted currents from the cross tail currents. As dis-
cussed in section 2, the cross tail current is reduced in the midnight region when mag-
netic reconnection is well developed. Thus, part of the current flowing into the midnight
region from the dawn side is diverted and flows along the magnetic [ield line toward
the jonosphere. This current system agrees with model made by Kamide el al. (1976).

The equation for the generation of the field aligned currents can the written as

-, 4 0y 2y o 173G
Bg(B)fpdt(B)—FBJ.VB plﬂ V,Us

aQ=0-(vxv,
= cp d\? =

sz“Bg FXB"

Applying this equation to the present study, the first term on the right hand side gives
the opposite sense of the field aligned currents of the simulation results, and the last
term is négligible, since J.€J,. The second term, which is positive on the dawn side
and negative on the dusk side, yielding the proper sense of the lield aligned currents of
the simulation results, is responsible for the generation of the field aligned current in
thiz model.

In the present model the interaction of the field aligned currents with the ionosphere

is not included, since the earth side boundary is assumed as a free boundary. However,
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if the magnetosphere is assumed to be the generation side of the field aligned currents
and ionosphere is regarded as a dissipation side of the currents, the present simulation
model is plausible and it provides at least a gualitative picture of the substorm current

system,
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