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Abstract

Through a global three dimensional MHD simulation, the effect of the Inter-
planetary Magnetic Field (IMF), both northward and southward, on Earth’s
magnetosphere has been investigated. A sonthward IMF, mpon reconnect-
ing at the dayside magnetopause of the Earth’s magnetic field is swept back
by solar wird flow and drapes the magnetotail. This gives rise to a plasma
sheet cross-tail current increase and explosive magnetic reconnection at around
15Rg. This reconnection results in the formation of a large plasmoid which
grows much faster than for the simulation with no IMF, thus supporting, ir a
convincing way with a minimum of assumptions, previous notions that a south-
ward IMF is a driving mechanism of plasma sheet reconnection. A northward
IMF is observed to reconnect with the magnetosphere along the cusp shoulder,
stripping magnetic field lines away and weakening compression of the plasma
sheet. In order to accomodate a balance of magnetic to dynamic pressure along
the magnetopause, the magnetosphere changes from its nsual comet-like shape
to that resembling a tadpole as it attempts to return to a dipolar structure.

Plasmasheet reconnection is inhibited.

Keywords; computer simulation, magnetohydrodynamscs, magnetosphere, mag-
netotail, plasmoid, magnetic reconnection, plasma sheet, interplanetaly magnetic

field, magnetospheric substorm



Introduction

Since Kristian Birkland discovered, in the beginning of the 20th century, that
currents were flowing in the ionosphere during aurora displays, understanding the
complex interactions of Earth’s magnetic field, ionosphere, and solar forces has been
a tantalizing problem. Answers to old questions have led to new and more difficult
puzzles which require a highly non-linear analysis only large scale, global computer
simulations can provide. Global phenomena such as the reaction time of the mag-
netosphere to the changing solar wind and the origin of magnetosphere substorms
cannot be explained by the results of local simulations.

Satellite and Earth based observations of magnetosphere and Interplanetary Mag-
netic Field activity lead us to believe that there is a heavy dependence between
substorm activity and the IMF. In particular, the southward component of the IMF
seems to trigger at least some magnetosphere substorms.

There are a number of theories which attempt to explain the mechanisms of
magnetosphere substorms which include the sudder and simultaneous injection of
energy into the ionosphere and out towards the tail. Among them, the near-Earth
neutral line model[Hones, 1979] or some modification(e.g., Liu, 1991] seems most
viable. Recent papers [Slaven et al, 1989; Rickardson et al, 1989; Keitmann et
al., 1990] presenting detailed analysis of ISEE 1 and ISEE 2 data have provided
strong evidence that near-Earth reconnection and plasmoid formation are indeed
taking place and are directly controfled by the southward/northward component of
the IMF.

The concept of magnetic reconnection occuring between the IMF and magneto-
sphere was introduced by Dungey [1961]. Due to reconnection between a southward
IMF and geomagnetic field at the dayside magnetopause, energy is transferred to
the magnetosphere. Due to reconnection in the plasma sheet, energy contained in
the magnetosphere is thought to be transfered partly to the ionosphere and partly
back to the solar wind. And due to reconnection between a northward IMF and
geomagnetic field at the shoulder of the magnetosphere cusp, energy is thought to
be stripped away from the magnetosphere.

The purpose of this research is to clarify the role of the southward and northward
components of the IMF in its interaction with the magnetosphere. In particular, we

sought to answer the following 2 questions.



¢ What are the large scale changes in magnetosphere behavior due to exposure

to a solar wind with a southward or northward magnetic field?

e How do the southward and northward components of the IMF control plasma

sheet reconnection processes?

Model

Important characteristics of the model and code used, which have been explained
in detail previously [ Watanabe and Sato, 1990, Kageyama et al., 1991], are be briefly
reviewed here.

The initial magnetic field configuration was comprised of the superposition of
Farth’s point dipole field and its image dipole outside and in front of the simulation
region. This box was filled with a plasma such that its density was determined by
a constant initial Alfvén velocity of 700km/s and the magnetic field. The position
of the polar cusp was shown to be independent of the position of the initial image
dipole.

The simulation was performed over the region

Dawn-Dusk axis 0< X <50Rg 70 grid points
Sun-Earth axis —95Rg <Y < 30Rz 187 grid points
Earth Polar axis 0<Z<50Rg 70 grid points

using an exponentially stretched grid mesh such that near the Earth, where abrupt
changes in physical quantities merited a finer mesh, the grid spacing was approxi-
mately 0.5Rg in all directions. Farther down towards the tail boundary, where longer
wavelength phenomena dominate, the grid spacing was increased to 1.2Rg. This was
done in order to accomodate as large a region as possible while maintaining numeri-
cal credibility. The front boundary was extended from 20Rp [Kageyarna et al,, 1991]
to 30Rg in order to move boundary effects away from the magnetosphere. In doing
so, the need for a front numerical damping region, as described by Kageyama et al.,
disappeared. The only numerical damping region used was that to quiet transient
flows during magnetosphere formation since our interest was not in the formation
itself. This damping region was removed gradually by ¢ = 2.2hours, much sooner

than the simulation of Kageyama et al., with no ill effects.



The simulation region defines only one quarter of the magnetosphere. The interest
of this work centers on the affects of the southward/northward component of the
IMF on the magnetosphere. With no dawn-dusk component of B in the IMF, the
physical problem becomes symmetrical or anti-symmetrical across the equatorial and
meridian planes.

The debate over the adequacy of the MHD approximation to describe the global
behavior of the magnetosphere has been nicely summarized in several places [e.g.,
Hasegawa and Sato, 1989, Lus, 1986, Coroniti, 1986]. Its validity here is based on
the following. We are interested in the IMF and it’s affect on the magnetosphere
and plasmoid formation. These processes typically occur on the order of minutes to
hours over a scale length of 1 ~ 100Rg where 1Rg = 6370km. Consider the environs
of the Earth/solar wind interaction region where the magnetic field intensity is on
the order of 107° ~ 107%Tesla, the solar wind ion temperature is on the order of
kev, and electron temperature is on the order of 100ev. From this, we know that
the ion gyroradius = 500km and electron gyroradius ~ 50km. In addition, the
ion and electron cyclotron frequencies are, approximately 10~ sec™ and 10%sec™?,
respectively. Thus, if we are careful to limit what we may say about the results
of the simulation the MHD approximation seems quite suitable to describe global
magnetosphere substorm activity and is certainly the only method viable with today’s

computers. We thus proceed to write the resistive MHD equations:

P = () (1)
p%t‘_' = -Vp+jxB ()
%—?— = -VxE (3)
dp 1 2
prile v oV V+;(’Y—1)J (4)
1,
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j = i\7’><B (6)
1= Lo

where B, E, v, p, p, and j are the total magnetic field, electric field, plasma flow veloc-
ity, plasma kinetic pressure, plasma mass density, and current density, respectively.
In addition, yq is the permeability of a vacuuum and + is the adiabatic constant.

The resistivity of the system in question and, in particular, of the plasma sheet is




not quantitatively known. It is probably rather small over most regions and is usu-
ally neglible since the density of particles in space plasmas is low. Simulation runs
including the resistive terms were made and it was found that reconnection rates at
the dayside, cusp shoulder, and plasma sheet are independent of resistivity (at Jeast
until a minimum equal to the numerical resistivity). This agrees well with previ-
ous work concerning a finite resistivity[Sato and Hayashi, 1979], which showed that
magnetic reconnection rates are only slightly dependent on resistivity provided it’s
not equal to zero. Kageyama et al. [1991] performed several runs of their simulation
with no IMF in order to determine the minimum n = ﬁ which begins to noticeably
affect the simulation results. In deing so, they were able to roughly estimate the
value of the numerical resistivity 7 & 5 x 107*. For the results presented here, the
resitive terms were not calculated; the small numerical resistivity was sufficient.

These MHD equations were solved using a high precision code developed by Sato
and others [Watanabe and Sato, 1990] which advances the physical quantities in time
using a fourth order Runge-Kutta-Gill method and second order centered-difference
method in space. The time step used was = 3 seconds so that phenomena on the
order of hours could be analyzed.

How should one integrate the ionosphere and magnetosphere? The ionosphere is
highly collisional and is only partially ionized. The single fluid description does not
sufficiently describe ionosphere behavior. Plasma can flow perpendicular to magnetic
field lines there under the influence of eleciric fields. Thus current flowing down
along magnetic field lines from the magnetosphere can close a circuit with currents
flowing up in other regions. This phenomenon has been well studied previously [e.g.,
Watanabe et al, 1989]. Most importantly, however, the typical scale lengths are
orders of magnitude smaller than those in the magnetosphere. Thus, the ionosphere
was modeled as a resistive shell with physical quantities being damped in the region
from 8Re to 5Re. The damping method approximately mimics the height integrated
ionospheric resitivity| Watanabe et al, 1989]. A proper model of the ionosphere and
magnetosphere simultaneously must await the next generation of computers.

A solar wind flow with no IMF was introduced at the sunward boundary so that
by t & 10 minutes it reached a steady state where v = 300km/s, p = 5-my/cm®, and
T = 20¢v. The solar wind flowed from the sunward boundary to the tail boundary
in about one hour.

The formation process of a magnetosphere with a long tail and magnetically neu-



tral plasma sheet takes approximately one hour and was well described by Kageyama
et al. [1991]. The major characteristics include the existence of a bow shock in front
of the dayside magnetopause located at 13Rz and 11Rj , respectively. A polar, mag-
netic cusp forms slightly forward of the magnetic pole towards the sun. A hot plasma
sheet behind the Earth in the tail forms and maintains a temperature ~ 0.5kev (Fig-
ure 1-B).

The shape of the magnetosphere is produced and maintained by the current
flowing along the surface of the magnetosphere, also called the Chapman-Ferraro
current. In addition, a dawn-to-dusk diamagnetic current flows in the plasma sheet
and closes with the Chapman-Ferraro current. Current vectors on the equatorial cross
section of the just formed magnetosphere reveal the presence of both in Figure 1-A.

Once the magnetosphere formation is nearly complete(t = lhour), a northward
or southward IMF was introduced at the sunward boundary such that its strength
reaches 5nT within 10 minutes. Three separate cases involving an IMF were simu-
lated once the magnetosphere was formed.

1. A solar wind containing a southward IMF blowing continuously for 2 hours.
2. A solar wind containing a northward IMF blowing continuously for 2 hours.

3. A solar wind containing a southward IMF blowing for 1 hour. Subsequently,the
IMF is changed to a northward IMF and is allowed to blow for 1 hour.

Results

Southward IMF — The IMF contained in the solar wind arrives at the surface
of the dayside magnetopause 10 minutes later at about 1.2hours. Figure 2 shows the
changes in structure of the magnetosphere over a 1.5 hour period. Magnetosphere
and JMF field lines and solar wind flow lines are drawn. In addition, the plasmoid
produced through magnetic reconnection occurring in the plasma sheet is drawn by
dotted lines.

When a southward magnetic field imbedded in the solar wind is forced against the
opposttely directed field lines of the dayside magnetopause diffusion of the magnetic
fields occurs in the presence of the Chapman-Ferraro current and resistivity. The
IMF then reconnects with the geomagnetic field lines at the surface of the dayside

magnetopause along the equatorial plane. The plasma flow pushes these reconnected



field lines tailward and eventually drapes them over the tail region, thus adding to the
magnetic flux of the magnetotail lobes. Note that this is contrary to some simulation
results that report multiple dayside reconnection. In the results of Shi ef ol [1988],
no bow shock exists in front of the magnetopause. The solar wind which impinges
upon the magnetopause, therefore remains super sonic and super Alfvénic. This leads
to an unrealistic current distribution on the dayside magnetopause and, therefore,
reconnection at latitudes above the equatorial plane. Multiple reconnection may still
cccur, but on a large scale, dayside reconnection seems to be localized around the
equatorial plane.

Reconnection at the dayside magnetopause is linked to processes in the magne-
tosphere in several ways. First, the reconnected field lines which drape the tail add
ma.gnetié flux to the lobes and result in the increase of forces which adiabatically com-
press the plasma sheet. Hence, the plasma sheet temperature rises. In addition, the
diamagnetic, cross-tail current is increased. Thus, plasma sheet reconnection rates,
which are directly related to the magnitude of the cross-tail current, and associated
phenomena are greatly enhanced.

From about 1.1 to 1.5 hours, the hot plasma sheet thins as the magnetic field
decreases. It thus becomes more magnetically neutral. Looking at Figure 5-A, we see
at ¢ &~ 2.1hours that the cross-tail current peaks between z = —14Rg and —18Rj3.
The pressure peaks slightly closer to the Earth at about —9Rp, but remains high
until —20Rg. The temperature approaches a value of 0.6 ~ 0.7kev.

Reconnection at the plasma sheet between the northern lobe field lines and oppo-
sitely directed southern lobe field lines begins sometime between 1.5 and 1.6 hours.
This is approximately 20 minutes after the southward IMF begins to reconnect with
dayside geomagnetic field lines {Baker et al., 1983]. Plasmoid expansion is immediate
as it is ejected tailward under pressure exerted by the lobes.

As dayside reconnection continues, the magnetic flux of the dayside magneto-
sphere decreases. The lost magnetic flux has been pulled back and added to the
magnetic lobes. The dayside magnetosphere is said to be ‘eroded’ by reconnecting
with a southward IMF. Due to a decrease in the magnetic pressure force the location
of the dayside magnetopause shifts one or two Rp towards the Earth.

Northward IMF - Reconnection at the shoulder of the polar cusp of 5nT
northward IMF lines with geomagnetic field lines has been discussed before [e.g.,
Ogino et al., 1985]. When a northward IMF impedes upon the magnetopause, solar



wind magnetic flux builds up on the dayside magnetopause. The Chapman-Ferraro
current along the dayside magnetopause decreases dramatically due to an oppositely
directed electric field (see Figure 5-B). As the IMF attempts to drape the magnetotail,
the oppositely directed magnetic field lines of the Earth and IMF come into contact
at the nothern and southern magnetosphere shouiders just above the cusps. As in
the case for dayside reconnection, a small resistivity with the magnetosphere surface
current leads to magnetic reconnection. In this case, however, the solar wind plasma
flow blows part of the reconnected field line away, the part that is untied to the
Earth. Thus, magnetic flux from the outer surface of the magnetotail lobes is pealed
away like the skin of an onion (see Figure 3-A).

The effects of stripping off magnetic energy from the lobes of the magnetotail
are several. As mentioned previously, when no IMF is present in the solar wind,
the location of the magnetopause is determined by the balance of the magnetic
pressure of the magnetosphere and the pressure of the solar wind. However, as
the lobe flux is pealed away the magnetic pressure exerted along the magnetopause
decreases, though the dynamic pressure exerted by the solar wind remains the same.
The magnetotail transforms into a the shape of a ‘tadpole’ as it attempts to find
a new equilibrium position for the magnetopause. In doing so, the plasma sheet
i1s decompressed. The plasma sheet pressure drops and the cross tail current is
decreased. Thus, reconnection processes are inhibited.

The speed of the transformation into the tadpole shape is apparently high. This
may be due to the fact that the reconnection rate of the simulation is too high com-
pared with the actual rate. Therefore, the actual rate of the change in magnetosphere
shape may be slower than present results. But the tendency approaching a tadpole
shape when the IMF continues to be northward is a reasonable result.

Southward—Northward IMF - In order to further reveal the behavior of the
southward and northward solar magnetic fields as triggers of plasma sheet reconnec-
tion, the following simulation was also performed. For one hour, a southward IMF
of 5nT in strength was exposed to the magnetosphere. In this time, plasma sheet
reconnection and plasmoid expansion got well under way as can be seen in Figure 4-
A. The southward IMF was turned off at the boundary and a northward IMF of
the same strength was turned on immediately. As expected, the cross tail current
was decreased (see Figure 6-I). The rate of reconnection decreased as evidenced by

a decrease in the acceleration of plasma on either side of the neutral X line in the



plasma sheet (Figure 9 and Figure 6-I). In addition, the plasmoid ejection speed was
slowed as seen in Figure 10.

A study of the magnetosphere with a long tail under the influence of a non-
magnetized solar wind has been done before [Kageyama et al, 1991). Tt was neces;
sary, however, to repeat the procedure using the new parameters developed for this
research in order to discern effects due soley to a southward or northward IMF. In
either case, very weak reconnection processes do begin some time between 1.5 and
1.6 hours. However, the plasmoid does not undergo an expansion phase until one

hour later or t = 2.5hours.

Discussion

These results strongly support the near earth, neutral line model of magneto-
sphere substorm activity. The addition of a southward IMF to the solar wind flow
does indeed explosively drive plasma sheet reconnection. This is characteristic of
driven reconnection. In addition, related processes such as plasmoid formation and
plasma acceleration near the magnetically neutral line were very much dependent on
the presence of a southward IMF.

For both the cases when a southward IMF is present and the case when no IMF
is present, reconnection in the plasma sheet begins sometime between 1.5 and 1.6
hours. When no IMF is present, the reconnection is a weak process. In this case
expansion of the plasmoid does not begin until about 2.5 hours and is slow. However,
for the case when a southward IMF is present, the reconnection is explosive leading to
immediate plasmoid expansion. This explesive reconnection and plasmoid expansion
is clearly a direct result of the southward IMF.

Figure 6-1 shows the change of pressure, temperature, and cross tail current at
the point 14Rg behind the earth as a function of time. As can be seen, when a
southward IMF is present in the solar wind, the pressure and cross tail current
increase dramatically faster than for the case when no IMF is present. When no
IMF is present, the plasma sheet temperature reaches a maximum of about 0.5kev.
When a southward IMF is present, however, the temperature goes as high as 0.7Tkev.
Similarly, the cross-tail current of the sheet when a southward IMF is present more
than doubles compared to the case when no IMF is present.

In Figure 7 the magnitude and shape of the cross tail current on the meridian



cross section of the magnetotail plasma sheet is shown as a function of color for three
of the simulations. Magnetic field lines are also drawn. Four different times reveal
the progressive changes as reconnection begins to occur when a southward IMF or
no IMF is present. From this, we see that reconnection occurs where the cross-
tail current peaks which follows directly from equations 3 and 5. Tt is this current
which triggers diffusion and reconnection of the magnetic field and is not the result
of spontaneous tearing instability as argued in many placesfe.g., Wang ef al., 1990,
Liu, 1991]. Why does the current peak at about 15Rg? It is here that the magnetic
pressure from Farth’s dipole field balances the plasma sheet pressure which is exerted
by the solar wind [also see Kageyama et al., 1991, Tsyganenko, 1998, Erickson, 1984].
This region becomes the boundary between the hard inner core dipole field and the
streaming tail field lines. The magnetic field can be easily deformed so the current
can therefore flow most freely. And since current triggers reconnection provided there
is a finite resistivity, reconnnection processes occur here. For both the cases when a
southward IMF is present and no IMF is present, the location of the current peak is
the same. This is because, far from the Earth, the magnetic pressure of the dipole
field drops off abruptly with the sixth power of distance. The difference between the
force exerted by the dynamic pressure of the solar wind and that of a the dynamic
pressure complemented by draping, reconnected IMF is not nearly large enough to
affect a change in the location where plasma pressure balances that of the dipole
field pressure. Additionally, for the same reason, the current peak and reconnection
point do not shift more than a few Rg over time.

With this in mind, it does not appear that a change in solar wind speed or
pressure would greatly affect the location of plasma sheet reconnection processes,
though no simulation was performed to test this hypothesis.

There has been much observational evidence that the location of plasma sheet
reconnection is indeed this close to the Earth [e.g., Kettman et al, 1990; Fritz et
al., 1984]. Though the question of where the reconnection line is located is far from
settled it seems that under the circumstances presented in this simulation, near-
Earth reconnection is indeed taking place. It is quite possible that there are different
types of magnetosphere substorms.

The magnetotail lobes act as large pistons directed against each other at the
plasma sheet with the solar wind pushing the outer ends. When reconnecied field

lines drape the tail lobes and increase their flux density, the magnetic pressure in-
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creases. In addition, the large scale structural changes of the magnetosphere increase
the surface area and angle of the magnetopause being exerted uponr by the solar wind.
Both of these factors increase the force of compression that reaches the plasma sheet.

Due to reconnection in the plasma sheet, plasma is accelerated away from the X-
line on both sides. This acceleration is directly proportional to the external driving
force. The added force due to the presence of reconnecied IMF may be seen by
comparing the velocity of tailward plasma sheet flow for the cases simulated. When
no IMF is present, the tailward velocity of plasma or the tailside of the reconnection
X line at the Sun-Earth axis due to this acceleration approaches its peak at about
¢ = —30Rg of about 1.3 x 10° km/s or about 50% of the solar wind speed (see
Figure 8-D and Figure 6-II). When a southward IMF is present, the speed at the
same location reaches its maximum of about 2.1 x 10° km/s or about 70% of the
solar wind speed and several times faster than the local Alfvén speed. The sunward
flow dayside of the reconnection point is also faster for the case when a southward
IMF is present as compared to the case when no IMF is present.

Satellite Observations of a slow shock layer sandwiching the plasma sheet and
accelerated plasma flow have been reported[see Liu, 1987 for a review]. This shock
region is thought to be extremely thin, ~ 1000kms. The grid spacing of this simu-
lation in the near Earth plasma sheet, however, is about 3000kms. Therefore, it is
not surprising that even though plasma flow in the tail is super- Afvénic, a shock,
i.e., Rangkine-Heugonot jump conditions are not completely satisfied and, for the
same reason, field aligned currents are not clearly observed. Because the cross-tail
current is not redirected along magnetic field lines mapping down {o the ionosphere,
the large inductance of the magnetosphere prevents a current disruption.

Reconnection in the plasma sheet leads to the expansion and ejection of a large
magnetic island on the order of 80Rg in diameter. The plasmoid takes tailward
hot plasma from the sheet which would produce some of the same effects as the
convection surges and rarefaction waves described by Liu[1991]. Even in the absence
of an IMF such a structure does develop. However, its development and ejection
speed is slow. In the presence of a southward IMF, the plasmoid expansion rate
and acceleration increase. However, it’s final speed does not greatly exceed the
speed of ejection when no IMF was present. The position of the plasmoid O point
is plotted as a function of time in Figure 10. From this we can see that explosive

reconnection processes under the influence of a southward IMF leads to an inttial,
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explosive acceleration of the plasmoid after which its velocity becomes a constant
of about = 100km/s. This agrees well with ideas on the early, expansion stage
of plasmoid development. However, based on satellite observations, measurements
of plasmoid-like structures seem fo reveal that they can accelerate to 1000km/s.
The fact that these simulation results did not show this secondary acceleration may
indicate that such acceleration cannot be explained with the curreat model or that
the simulation region is still too small. This is still unclear. A closer look at Figure 2-
A reveals that as dayside reconnection progresses, the magnetosphere gets fatter.
Solar wind flow is diverted out of the simulation region. Note that the simulation
was performed in a larger region than drawn. Nevertheless, the plasma flow does
get diverted out of the simulation box. Therefore, the solar wind dynamic pressure
and the reconnected IMF do not exert a realistic force on the magnetopause. This
is because the simulation region is too small in the z axis direction. In the real
magnetosphere, the draping reconnected field lines and solar wind flow should exert
an even larger force on the lobes than produced here. Tailward boundary effects may
also contribute to the slow plasmoid ejection speed.

The 3-D structure of the plasmoid is altered due to the increased compression
of a southward IMF. When no IMF was present, plasma sheet reconnection was
patchy, leading to several small, intertwined clumps of plasmoids that became quite
round under the tension of magnetic field lines [Kageyama et al.,1991]. However, in
the presence of a southward IMF, plasma sheet reconnection was cleaner, leading to
the development of one large plasmoid that was squeezed into a ellispoid, tear drop
shape. '

Now we turn to a phenomenon not previously observed in simulation results,
though expected theoretically. Should a southward IMF continuously impede the
magnetosphere, dayside magnetic erosion would lead to the disappearance of the
dayside magnetosphere. However, magnetic flux from the tail is brought in to replace
the dayside magnetic flux. This is accomplished when plasma flowing from the tail
to the dayside within the magnetosphere brings magnetic flux with it. The flow of
flux from the tail to the dayside portion of the magnetosphere is controlled by the
magnetic presure gradient and by the sunward acceleration of plasma in the plasma
sheet. This flow can be seen clearly in Figure 8-A which depicts the equatorial
cross section of plasma flow velocity vectors and magnetic neutral lines. This is the

Region 1 vortex flow.
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Another result of this simulation is that a northward IMF serves as an ‘off-switch’
of plasma sheet reconnection processes. As described above, reconnecting northward
IMF lines strip magnetic flux away from the lobes, thus decreasing the forces which
compress the plasma sheet. Figure 6-1 shows that the pressure drops and the cross
tail current becomes insignificant. For this reason, plasma sheet reconnection is
completely inhibited. Figure 3 and Figure 7 further reveal the extent to which the
plasma sheet has been decompressed. In addition, reconnecting northward IMF field
lines collect on the magnetosphere surface, thus extending the distance of the dayside
magnetopause sunward, at ¢ = 2.5hours, to z = 15Rg. This may reflect the fact
that the reconnection rate of the simulation was too fast compared with the actual
one, so that the collected flux on the dayside could not be swiftly removed from the
dayside to the nightside.

For the case when a southward IMF was replaced with a northward IMF, plasma
sheet reconmection processes were significantly inhibited. As before, we examine
Figure 6-1 which shows clearly why reconnection processes in the plasma sheet were
inhibited. The cross tail current was damped under the effects of a northward IMF.
In addition, the ejection of the plasmoid is slowed slightly as can be seen in Figure 10.
From this, we may conclude that the explosive reconnection processes in the plasma
sheet can not only be turned on by a southward IMF, but they may also tend to be
inhibited by a northward IMF.

Conclusions

A southward IMF, upon reconnection along the equatorial plane of the dayside
magnetopause does indeed serve as an ‘on switch’ for explosive plasma sheet recon-
nection by enhancing the cross-tail current. This leads to the swift formation and
ejection of large plasmoids in the magnetotail. Due to plasma sheet reconnection,
plasma is accelerated both tailward and towards the Earth, leading to the transport
of magnetic flux from the enhanced tail region to the eroded dayside magnetosphere.
The reconnection rate and plasmoid formation speed is far greater than for case when
no IMF is present, though the location of reconnection processes is about 15Rg for
both cases.

A northward IMF serves as an ‘off switch’ of plasma sheet reconnection even if

reconnection processes are under way substantially. Due to reconnection along the
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cusp shoulder, magnetic flux is pealed away from the outer lobes of the magneto-
sphere. This inhibits reconnection processes in the plasma sheet by decreasing the
cross-tail current. When the magnetosphere is continuously exposed to a northward
IMF and the reconnection rate is high, its shape changes dramatically. In order to
accomadate a balance of magnetic to dynamic pressure along the magnetopause, the
magnetosphere changes its shape from its usual comet-like tail to that ressembling a

tadpole as it attempts to return to its dipolar shape.
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Figure Captions

Figure 1: A)Current vectors drawn on the equatorial cross section just after the formation
of the magnetosphere at t=1hour after the start of the simulation. An IMF has
not yet been introduced. B)Pressure(kg/m - s?), temperature(kev), and cross-tail

current{nAmp/m?) along the x axis.

Figure 2: Equatorial and meridian cross-sections showing the plasma flow lines and
magnetic field lines over a 1.5 hour period for the case when a southward IMF is
present in the solar wind. Due to reconnection in the plasma sheet, a plasmoid

develops and is accelerated towards the tail boundary.

Figure 3: Equatorial and meridian cross-sections showing the plasma flow lines and mag-
netic field lines over a 1.5hour period for the case when a northward IMF is present
in the solar wind. Reconnection along the shoulder cusp strips magnetotail lobe flux

away, thus decreasing the magnetic pressure exerted along the magnetopause.

Figure 4: Structure of the magnetosphere for the case when a southward IMF is present
for one hour(from A-B), then a northward IMF is introduced(from B-C}.

Figure 5: Values at ¢ & 2.1hours of plasma pressure(kg/m-s?), temperature(kev), log B,
and cross tail current, Cy(nAmp/m?), along the x-axis when the solar wind contains
A)A southward IMF B)A northward IMF C)southward—northward IMF D)no IMF.

Figure 6: I-Variation over time of plasma pressure(kg/m - s?), temperature(kev), and
cross-tail current(nAmp/m?®) in the plasma sheet at about 14 earth radii behind
the earth when the solar wind contains A)a southward IMF, B)a northward IMF,
C)a southward then northward IMF, D)no IMF. II-Variation over time of tailward
plasma velocity at about 30 earth radii behind the earth for the same.

Figare 7: Cross section showing the magnitude of the cross-tail current as a function
of color and line structure of the geomagnetic field(green), plasmoid{yellow), and
IMF{Red) in the plasma sheet for four times when A)a southward IMF, B)no IMF,
C)a northward IMF is present. The region shown is defined over ~10Rg < z <
10Rr and —80Rg < z < O0Rg. The current peak is clearly the location of sheet

reconnection.
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Figure 8: Plasma flow velocity vectors and magnetically neutral lines drawn on the
equatorial plane for the case when A) a southward IMF, C)} no IMF is present.
Notice the flow of plasma from the tail towards the dayside magnetosphere in A).
This flow brings replacement magnetic flux from the enhanced tail to the eroded
dayside region. B}The values of the tailward velocity, ¥, and the z component of B
over the Sun-Earth axis at times corresponding to figure A). D) same as B) when no

IMF is present.

Figure 9: A)Plasma flow velocity vectors and magnetically neutral lines drawn on the
equatorial plane for the case when a southward IMF is present for 1 hour and is then
changed to a northward IMF and the values of the tailward velocity and B, over the
Sun-Farth axis at { = 3hours. B)Plasma vectors when a northward IMF only has

been present.

Figure 10: Position in Earth Radii of the plasmoid O-point plotted as a function of time
when the solar wind contains A)a southward IMF B)southward—northward IMF
C)no IMF.
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