
JAERI-Research
2000-031

A GLOBAL MHD MODEL OF THE JOVIAN MAGNETOSPHERE

September 2 0 0 0

Takahiro MIYOSHI and Kanya KUSANO

Japan Atomic Energy Research Institute



A - T ^ ^ f T 6 * ( i , ll^Ki r-^ffiWrOTftttlffi.TOftfflffiiiS (T319-1195

ftj fl|5 * ft W) <fc x, Jo ff' L S L F $ \-> o 4> ib\ c w a h > c W Mi \k A Wi f ti -iL iff is ft n -fe

(T319-1195

This report is issued irregularly.

Inquiries about availability of the reports should be addressed to Research

Information Division, Department of Intellectual Resources, Japan Atomic Energy

Research Institute, Tokai-mura, Naka-gun, Ibaraki-ken ~r 319-1195, Japan.

C1 Japan Atomic Energy Research Institute, 2000

H



JAERI-Research 2000-031

A Global MHD Model of the Jovian Magnetosphere

Takahiro MIYOSHI and Kanya KUSANO*

Department of Fusion Plasma Research
Naka Fusion Research Establishment

Japan Atomic Energy Research Institute
Naka-machi, Naka-gun, Ibaraki-ken

(Received July 3, 2000)

A new global model of the Jovian magnetosphere is proposed by using
the magnetohydrodynamic (MHD) simulation, in which the interaction
between a rapidly rotating magnetosphere and the external plasma flow
is investigated. In this study, the steady solar wind with/without the
interplanetary magnetic filed (IMF) is applied on the inflow boundary.
The result-s clearly indicate that the global structure of the magnetic
field lines of force is largely affected by the rotation of Jupiter as well
as by the solar wind. It is also found that magnetic reconnection at the
tail region generates the plasma outflow and greatly modifies the corota-
tional structure of the plasmas in the magnetosphere. Especially when
the relatively high speed solar wind or the solar wind with the north-
ward IMF collides on the magnetosphere, strong magnetic reconnection
at the tail induces the tail-dusk flow, which is against the corotation. On
the other hand, the evident tail dusk flow does not appear in the case
of the low speed solar wind or the case with the southward IMF. Thus,
the internal structure of the rotating magnetosphere will be altered even
qualitatively in response to the solar wind parameters.
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1. Introduction

Flybys of previous five spacecraft before the arrival of the Galileo orbiter spacecraft have
enlightened abundant distinctive features of the Jovian magnetosphere despite momentary ob-
servations along the specified trajectories. The in-situ observations of the magnetic field indi-
cated that the Jovian magnetosphere is divided into three portions, such as the inner magne-
tosphere with the dipole-dominant magnetic field, the middle magnetosphere with the current
disc-induced azimuthal magnetic field, and the outer magnetosphere with the southward mag-
netic field [1]. Also, it was detected at the middle magnetosphere that denser and cooler plasmas
are confined in a thin disc-like region which corresponds to the current disc [2]. Furthermore,
multiple time crossing signals for the bow shock and the magnetopause were measured at the
various radii, which imply the sponginess of the day side Jovian magnetosphere [3,4]. It was also
reported that the Ulysses outbound flyby, in which the trajectory traversed the dusk meridian
with the southerly inclination of the middle latitude unlike other spacecraft [5], may pass the
cusp of the Jovian magnetosphere [6]. In addition to these fruits, the Galileo orbiter could
present more detail information within a wide area during a long time interval, such as long
periodic modulations of the Jovian magnetosphere in several days [7,8]. Besides, the outflow
bursts, which are thought as the different events from the magnetospheric wind via Voyager
observations [9], was newly observed at the premidnight-predawn region [10].

It was theoretically insisted that the magnetospheric rotation has the significant corotation
lag, which is caused not only by the Pedersen conductivity of the ionosphere but also by the
outward plasma transport [11]. Here, the outward transport itself is considered to be stimulated
by the interchange instability (e.g., [12], and references therein). Indeed, an expected lag was
detected by in-situ observations in the inner and the middle Jovian magnetosphere [2,13]. On
the other hand, in an early picture of the global Jovian magnetosphere, Brice and Ioannidis [14]
argued on the global plasma convection dominated by the corotation with Jupiter rather than
the solar wind-driven convection in contrast with the Earth's magnetosphere. Subsequently,
several improved models were proposed, in those the plasma outflow from the inner magneto-
sphere as well as the corotation was taken into account (e.g., [15]). Their idea was such that the
magnetospheric wind is produced beyond a critical radius RA, where the kinetic energy of the
corotation exceeds the magnetic energy; i.e., the corotational speed is match for the local Alfven
speed VA there. Though the existence of the outflow was suggested at the postmidnight region
beyond about 100i2j, it was found that the plasmas almost corotate at the prenoon region by
the Voyager observations [9]. Therefore, Vasyliunas [16] proposed the model such that the out-
flow may occur via magnetic reconnection in the tail region while the plasmas are accelerated to
the corotational sense at the day side magnetosphere. Cheng and Krimigis [17] also constructed
a conceptual model of a global flow pattern based on the Voyager observations. Cowley et al.
[18] presented a model based on the Ulysses observations, in which several previous models,
such as the Hill's model [11] at the inner magnetosphere, and the Vasyliunas' model [16] at the
tail region, are included. Quite recently, first global magnetohydrodynamic (MHD) simulations
of the Jovian magnetosphere were independently performed by Miyoshi and Kusano [19] and
Ogino et al. [20]. In both models, the plasma disc-like structure, and the plasma convection
including the flow induced by tail reconnection were realized in a similar manner.

In this paper, to investigate the global structure of the Jovian magnetosphere, detail analyses
of the nonlinear interaction between a rapidly rotating magnetosphere and the external plasma
flow will be presented in a scope of the MHD description. The simulations are carried out for
several cases, those have different parameters for solar wind; dynamic pressure and orientation
of the interplanetary magnetic field (IMF). Finally, a global Jovian magnetospheric MHD model,
especially for a middle to an outer region, will be proposed. In the following section, the present
simulation model is explained. The simulation results are analyzed in detail for typical cases,
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in section 3. Three dimensional global picture of the Jovian magnetosphere will be presented,
in section 4. Finally, some important results in this paper are summarized in section 5.

2. Simulation Model

In the magnetospheric simulations, the MHD equations are widely used in order to describe
macroscopic picture as inferred from the Earth's global MHD simulations (e.g., [21], and refer-
ences therein). Also in our model, we adopt the MHD equations as the basic equations since an
MHD model seems to be suitable for constructing the global model of the Jovian magnetosphere
as the first approximation. Some difficulty for the global magnetospheric MHD simulation, how-
ever, arises from the fact that an intrinsic potential field of a planet Bp rapidly decreases as a
function of the distance from the planet in several orders of magnitude. On the other hand, the
fluctuating components from the potential field may have almost same order of the magnitude
in the whole magnetosphere. Therefore, we numerically solve the following equations, in those
the contributions of the potential field are excluded from the state vector U = (p, pV,B,e)T of
the standard MHD equations [22,23]:

where

U =

F =

and B = B - Bn , s = e - B

pV
B

\ e /

2 M 0 ) ~~ ' " M O

(1)
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/

p,
BJJp /2/io- In the above equations, p, V, B, e, P, I, //o,

and 7 denote the plasma density, the bulk velocity, the magnetic field, the total energy density,
the plasma pressure, the unit matrix, the permeability, and the adiabatic constant, respectively.
The dissipative effects relating to the viscous, the resistive and the heat conductive terms are not
explicitly included, because our primary objective is the qualitative construction of the global
Jovian magnetospheric model rather than the quantitative analysis for the dependence of the
dissipative coefficients. The relation between the pressure and the fluctuating components is
given by

(lc)

It is obvious that the modified form of the MHD equations (1) has the same form as the
standard equations if Bp = 0.

In order to capture discontinuities appearing in the magnetospheric system sharply, we ap-
ply the total variation diminishing (TVD) scheme to the above MHD equations. The TVD
scheme of multidimensional MHD equations, however, cannot be constructed straightforwardly
because the upwind-weighted finite difference (volume) scheme based on the one dimensional
MHD Riemann problem, i.e., seven-waves characteristic equations [24], breaks the divergence
free condition of the magnetic field in multidimensions. In order to overcome this shortage,
the projection scheme has been used in the typical previous simulations, where an additional
Poisson equation must be solved (e.g., [22,23,25]). As another manner, Powell [26] and Gombosi
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et al. [27,28] recently developed a new straightforward approach based on the eight-waves char-
acteristic form of the MHD equations. In this approach, the magnetic field normal to a surface
of the control volume can be evolved with time. Here, according to Powell [26], Gombosi et al.
[27,28], the present form of the equations (1) is modified to the following form:

- ( V - F ) J = S, (2)

where

o B
MO

V
V-B. (2a)

\ MO /

The eigenvalues and eigenvectors of this form coincide not only with those obtained by Powell
[1994] when Bp = 0 but also with those derived by Tanaka [1994] when the normal component
of the magnetic field is constant. This set of equations is numerically solved by applying the
second-order finite volume TVD scheme, where the second-order accuracy is realized by the
variable extrapolation with minmod limiter [29].

Since we focus on the global structure in the middle and the outer portion of the Jovian
magnetosphere, the simulation domain is given by a large rectangular box, (—350Rj, —250Rj,
0) < (x,y,z) < (150Ptj, 250Pcj, 250-Rj), in which the inner half sphere of the radius r0 - 30Rj
is clipped off. Here we use the solar-magnetospheric coordinate, where the x, y and z point
to the sun, the dusk and the north, respectively. The grid structure adopted here is shown in
Figure 1, where the radial grid size varies about from 0.6i?j to 33.6Rj with the distance from
the origin in order to describe a fine structure appearing near the inner boundary.

Our simulation model consists of four types of the boundary condition as follows: The mirror
boundary condition is adopted at the equatorial plane. The boundary condition on the top, the
side and the tail boundaries are given by the free boundary condition where the radial derivative
of all physical quantities is fixed to zero. The inflow parameters at the front boundary are shown
in Table 1 for each simulation run, in all cases the steady supersonic/super-Alfvenic inflow being
applied. As discussed in the previous paper [19], we treat the inner boundary at ro simply as
a plasma bath since it is expected that, in the middle and the outer portion of the Jovian
magnetosphere, the mass transport is mainly governed by a large scale MHD convection rather
than small scale instabilities at the Io torus. Indeed, it has been suggested that the time scale
of the plasma transport from the Io torus by the interchange instability is an order of days
to months [30,31]. Thus, in the current model, the inner boundary condition of the density
and the pressure is switched depending on the sign of the radial component of the velocity
Vr, such that p = nomi, P = Po for Vr > 0, and dp/dr = 0, dP/dr = 0 for Vr < 0, where
mt is the mass of proton, no = 0.1/cm3 and Po = 1.1 X 10~12erg/cm3(« 2Psw), respectively.
These parameters n0 and Po are chosen from in-situ measurements at the middle portion of
the Jovian magnetosphere [32]. The velocity parallel to the magnetic field, Vn = V • B/B, at
the inner boundary is determined such as to satisfy the relation d(r2pVn)/dr — 0. The velocity
perpendicular to the magnetic field, Vx = V - VJJB/JB, is determined by Vx = E X B/B2,
where E = -(fio x r0) x B. The angular velocity fi0 at r0 is set to a half of the Jovian angular
velocity, flj = (2?r/10.0)ez /h, based on the observation in the inner to the middle Jovian
magnetosphere [2,13]. The lag from the rigid corotation with Jupiter was basically explained
by Hill's model [11].

The intrinsic potential field of Jupiter is represented by the dipole field, Bp — BjR^{3(ez •
e r)e r — ez}/r3, where Bj is the intensity of the magnetic field at the equatorial surface of Jupiter
(4.7 X 10~4T). The initial configuration of the magnetic field is constructed by the superposition
of two dipole fields those are located at the origin and the mirror symmetric position for the front

- 3 -
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of the simulation domain, i.e., (x,y,z) = (300iZj,0,0), such that the perpendicular component
is vanished on the day side boundary [33]. The potential flow tangent to a sphere of the radius
T\ = 50Rj, which is almost the distance of the magnetopause for the case without the rotation,
is initially imposed in order to achieve the quasi-steady state quickly. The rotational flow is
also superposed, where the angular velocity Q, is assumed to decrease smoothly from the rigid
rotation: Cl - {1 - tanh[(r - ri)/A]}£io/2 where A = 5Rj. The density and the pressure are
initially given as p — rriino and P — PQ in the whole domain, respectively.

3. Simulation Results

In each run, the quasi-steady states are achieved in t ss 70h when the inner sphere has rotated
about three and a half times and the solar wind has traveled more than lOOORj. By observing
those quasi-steady states, we investigate the global structure of the rotating magnetosphere
and the dependence on the solar wind parameters. First of all, the fundamental structure of
the rotating magnetosphere interacting with the plasma flow is presented, especially in the
cases without the IMF, in detail. Subsequently, the interaction to the solar wind with the
northward/southward IMF will be investigated.

3.1. Cases Without IMF

Figure 2 displays the global structure of the magnetic field lines of force in the case L, that
structure is largely affected by the rotation as well as by the solar wind. Here the green lines
are the magnetic field lines of force traced from the inner sphere and the yellow lines are
detached from the inner sphere. Also, the purple line at the equatorial plane indicates the
magnetic neutral line. It is found at once that the magnetic field lines of force rooted to the
high latitudinal inner sphere are helically twisted due to the planetary rotation. On the other
hand, the low latitudinal magnetic field lines offeree seem to be closed in the day side portion
of the magnetosphere like the Earth's magnetosphere. Besides, the solar wind compresses the
magnetosphere and forms the shape of the magnetotail. Therefore, the structure of the cusp,
which is a boundary region between the closed and the open magnetic field lines of force, is
generated. Here the open lines reach the tail boundary while the closed lines pass through the
equatorial plane. Also, the existence of the isolated lines (yellow) at the tail region implies that
magnetic reconnection takes place. The global structure of the magnetic field lines of force also
for the case H is basically similar to that for the case L.

Also, Figure 3 shows the global convection pattern and the density distribution in the equa-
torial plane for the case L. Here, redder regions indicate the higher density regions while bluer
regions are lower. The purple line also indicates the magnetic neutral line as in Figure 2. We
find at once that the solar wind is stagnant and the density rises up at the front of the mag-
netosphere. It is also found that plasmas in the middle magnetosphere almost corotate around
Jupiter, where the highest density region is constructed as a crescent at the dawn side of the
sphere. On the other hand, the outward flows, which must be induced by magnetic reconnection
as mentioned above, appear in the distant magnetotail.

3.1.1. High Latitudinal Structure

One of the prominent features in the present simulation is the spiral structure of the open
magnetic field lines of force at the high latitudinal region as seen in Figure 2. Dessler and
Juday [34] first considered that a coupling of the solar wind with the rotating planet may cause
the helical configuration in the magnetotail. Then, Isbell et al. [35] proposed that the twisting
angle might be determined by the relation between the rotational speed rjQo and the speed of

- 4 -
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the solar wind in the upwind of the bow shock Vsw, where rj is the radius of the magnetotail.
In our simulation, the helical magnetic field lines of force traced from the same latitude 9

seem to form a flux surface shown in Figure 4. Particularly, the magnetic field line of force
traced from the pole (9 = 90°) may correspond to the magnetic axis of the flux surfaces, as
illustrated in Figure 5a. Therefore, as a measure of the helical twist, we define the average pitch
angle a of the magnetic field on the flux surface, as follows:

where the flux surface is projected to a cylinder whose axis corresponds to a line rooted to the
pole, as illustrated in Figure 5b. Here, r-r, <̂>T> and zi are the radius of the high latitudinal
magnetotail from the magnetic axis, the left-handed azimuthal (longitudinal) coordinate, and
the distance along the magnetic axis, respectively, in a cylindrical approximation of Figure 5b.
In the definition (3), the bar denotes the average over an angle of </>r on the intersection of
the flux surface on the plane perpendicular to the magnetic axis. Thus, not only rf (hereafter
we replace rf with rj) but also a is regarded as a function of 9, which is the latitude on the
root of the line. In the following analyses, we investigate only the distant magnetotail farther
than x = —lOORj since the cylindrical approximation is inadequate near the pole due to the
bending effect of the magnetic field lines of force. Thus, we select the origin of the cylinder at
OT = (—lOORj, y&x\sRjizax\sRj) for both cases H and L.

Figures 6a and 6b show the dependence of a on zj for several flux surfaces specified by some
latitudes in the cases H and L, respectively. In the case L, the pitch angle specified by 9 is hardly
varied far beyond the magnetotail of — lOORj. On the other hand, a in the case H gradually
increases and reaches to the same level of the case L at the deeply distant magnetotail around
zi £ 15O.Rj (x £ — 250-Rj), except on the low latitudinal flux surface {9 = 65°) which may
be affected by some process on the magnetosheath. Thus, it is thought that, at the distant
magnetotail, the twisting angle may not depend on the solar wind speed.

In order to verify above statement, in Figure 7, tan a, which indicates the ratio of B^T to BZT,
is plotted as a function of the radius rp for the case L around the point (—250-Rj, — 30Rj, HORj)
marked by a circle in Figure 4. The ratio of the rotational speed to the solar wind speed,
TIQQ/VSW, as well as the ratio to the local Alfven speed, rjilo/VA, are also plotted by the
dotted and chain-dotted lines, respectively. The result clearly indicates that tana well agrees
with T^QO/VA rather than the prediction by Isbell et al. [35], r^Qo/Vsw- Therefore, it may be
stated that the Alfven wave plays an important role for the control of the field twisting at least
in the deeply distant magnetotail. Also, in the case H, the result seems to coincide with the
case L around the point nearby x = —250Rj. Here, however, tana around x = — IQQRJ lies
in the intermediate range between r^Qo/V^ and rjilo/Vsw, so that a mixing of the solar wind
and the Alfven wave propagation must determine the field structure even near the magnetotail.

3.1.2. Low Latitudinal Structure

Figures 8 and 9 display the magnetic field lines of force, which are traced from the inner
boundary at the latitude 40° and 60°, nearby the day side magnetosphere in the cases H and
L, respectively. In Figure 8, we can find that the magnetic field lines of force rooted at the
low latitude of the inner sphere in the case L seem to be simply closed at the day side portion
of the magnetosphere, and there is no great difference from the case without the rotation, i.e.,
similar to the Earth's magnetosphere except the spiral structure of the high latitudinal magnetic
field lines of force as mentioned previously. On the other hand, in the case L, we can observe
a particular structure due to the rotation. As seen in Figure 9, the low latitudinal magnetic
field lines of force in the case L are trailed along the flank of the magnetosphere. And then,

- 5 -
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the magnetic field lines of force are accumulated near the dawn side where the rotational flow
collides with the solar wind. The lagging configuration of the magnetic field lines of force in
the case L is consistent with the direct measurements [18,36]. The magnetic field lines of force
at the dusk side, however, indicate the leading configuration since the solar wind follows the
corotation of the magnetic field lines of force.

The accumulation of the magnetic field lines of force implies that the intensity of the magnetic
field becomes strong at the prenoon region of the outer magnetosphere. Actually, in the case
L, the southward component of the magnetic field along 0900 LT increases in the region about
from 60Rj to 75Rj, whereas the intensity of the magnetic field monotonically decreases and
is flattened in the middle magnetosphere up to 60Rj (Figure 10a). This feature is also well
consistent with the Jovian magnetospheric model based on Pioneer and Voyager observations
along the inbound pass [1,3]. In the case H, however, the peaking in the outer magnetosphere is
much weaker than the case L and the profile resembles the no rotational case. In the afternoon
region, on the other hand, the rise of the intensity of the magnetic field is hardly observed near
the magnetopause in either case as found in Figure 10b. Especially, in the case L, the profile
of the magnetic intensity forms plateau farther than 50Rj like as the middle magnetosphere in
the prenoon region. Thus, the dawn-dusk asymmetry for the distribution of the magnetic field
at the low latitude arises from the fact that the solar wind promotes a lagging and a leading of
the magnetic field lines of force at the dawn and at the dusk, respectively.

Also, with respect to the environment of the plasmas, we can find the remarkable feature
originated from the rotation at the low latitudinal magnetosphere. As shown in Figure 11, it
is observed that the plasma disc, which corresponds to the crescent in Figure 3, is formed in
the case L, wherein the dawn side is wider than the dusk side. On the other hand, the evident
disc-like thin structure is not formed in the case H. The reason was briefly inferred in [19]
such that the internal structure of the rotating magnetosphere may be sensitively affected by
the dynamic pressure of the solar wind. Here, we can clearly see the structural alteration of
the rotating magnetosphere in response to the parameters of the external flow in Figures 12a
and 12b, those present the plasma convection in the equatorial plane in the cases H and L,
respectively. Here the red arrows indicate the region where the magnetic energy is dominant
rather than the kinetic energy, while the blue arrows show the kinetic energy-dominant region.
It is found at once that the magnetic energy exceeds the kinetic energy over the day side region
in the case H, while the kinetic energy is dominant there in the case L. Thus, it is expected
that the internal structure of the rotating magnetosphere is converted from a magnetically
(dynamically) dominant system into a dynamically (magnetically) dominant system with the
slow-down (speed-up) of the external flow, though the present simulations are performed only
under the steady inflow condition. It suggests that the sponginess of the Jovian magnetopause
could be understood as a transition between two different structures, caused by the variation
of the dynamic pressure of the solar wind.

3.1.3. Cusp

The cusp structure of the Earth's magnetosphere appears in the day side high (or rather mid-
dle) latitudinal region. The Earth's magnetospheric cusp is regarded as the boundary region
between the closed magnetic field lines of force on the day side magnetopause and the open mag-
netic field lines of force which construct a part of the magnetotail. Meanwhile, it was reported
that a signature of the Jovian magnetospheric cusp may have been detected by the Ulysses
observations along the outbound pass whose trajectory traversed the dusk side magnetopause
with the middle latitude [6].

In Figure 2, we can see a cusp-like structure nearby the middle latitudinal afternoon region.
The cusp is observed as a separated region between the day side closed magnetic field lines of

- 6 -
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force and other streamed magnetic field lines of force. Here, we note that the magnetic field lines
of force on the upper cusp are trailed by the solar wind and the rotation, and seem to be closed
at the dawn flank of the magnetopause. Thus, if just the closed magnetic field lines of force are
picked out of Figure 2, as shown in Figure 13, the cusp is clearly seen at the middle latitudinal
zone of the afternoon region. Also, as seen in Figure 14, the cusp-like higher pressure region is
constructed in the middle altitudinal magnetosphere at the dusk side. This means that, unlike
the Earth's magnetosphere, the magnetic field lines of force, those form the cusp of the Jovian
magnetosphere, are closed at the day side and at the dawn side magnetosphere, and are rooted
to the afternoon region of the inner sphere.

Here, in order to specify the location of the cusp, the average pressure along the magnetic
flux, (P) = f(P/B)dl I J(l/B)dl, is drawn in Figures 15a and 15b for the case L, where (P)
is projected on the hemispheres r = r0 and 45Rj, respectively. Since the plasma pressure in
the cusp must be higher than their surroundings, we can easily find the location of the cusp
with this image [37]. The zonal region with the higher pressure (i.e., the zonal whiter region in
Figure 15), which must be the signature of the cusp, is located at the afternoon rather than the
noon. Besides, we note that the cusp region for r = AbRj turns more counterclockwise than
the case oi r = TQ. From that, we can construct a three dimensional structure of the cusp as
shown in Figure 16, where the cusp (dotted lines) is distorted right-handedly with the distance
from Jupiter.

3.1.4- Plasmoid

It was observed in Figure 2 that the isolated magnetic field lines of force appears in the tail
region of the magnetosphere. This structure should be called as the plasmoid, which must be
formed through magnetic reconnection at the current sheet of the tail region. In our model,
since the ideal MHD equations are adopted, magnetic reconnection does not take place in
a strict sense. However, the numerical dissipation, which is enhanced in the TVD scheme
when the gradient of the physical quantity becomes sharp, works as the effective resistivity
and may trigger magnetic reconnection. The dependence of the resistivity cannot be discussed
quantitatively here.

As briefly mentioned in [19], we can observe strong By components in the plasmoid in spite of
the absence of By components in the IMF. This is due to the fact that the magnetic field lines
of force at the tail region must be trailed by the planetary rotation, as illustrated in Figure 17.
Thus, the plasmoid structure is quite different from that of the non-rotating magnetosphere like
that in the Earth's magnetosphere.

Because of the trailing effect, the magnetic tension force points toward the tail-dusk side
as seen in Figure 17. Therefore, in addition to the influence of the planetary rotation which
directly generates the rotational flow in the equatorial plane, magnetic reconnection driven in
the rotating magnetosphere must induce the novel pattern of the plasma convection at the tail.
The global plasma convection in the equatorial plane are plotted with the magnetic neutral line
and the magnetopause for the cases H and L in Figures 18 and 19, respectively.

In both cases, the X-type magnetic neutral line appears in the near tail, and is extended
toward the distant dawn side tail. Also, the O-type neutral line appears parallel to the x axis
in the dusk side tail. The plasmas at the distant tail in the case H are accelerated to the
tail-dusk direction as found in [19] by the magnetic tension force indicated in Figure 17. On
the other hand, as seen in Figure 19, strong positive Vy component cannot be detected in the
region surrounded by the magnetic neutral line at the tail in the case L. Since, in this case, the
inertia of the rotational flow is relatively important rather than in the case H, Vy component
within the plasmoid becomes weaker. Apparently, the flow structure in the case L may partly
resemble the cross-tail flow model proposed by Cheng and Krimigis [17] based on the Voyagers'
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observations. Also, the flow induced by magnetic reconnection at the tail seems to correspond
to the radial outflow of the conceptual model by Vasyliunas [16], where the topological changes
of the magnetic field lines of force are taken into consideration.

3.2. Cases With IMF

It has been well known for the Earth's magnetosphere that the IMF much affects the global
magnetospheric structure through magnetic reconnection. Also, the evidence for magnetic re-
connection in the dayside Jovian magnetopause was presented by in-situ observations [38]. In
the following, let us study the cases that the uniform magnetized external flows are applied to
the inflow boundary. Particularly, in the cases N and S, the solar wind includes the northward
and the southward IMF, respectively. Since the magnetic polarity of Jupiter is reversed from
the polarity of Earth, the northward IMF is opposite to the magnetic field inside the Jovian
magnetosphere on the equatorial plane while the southward IMF is parallel to that. Here,
as mentioned previously, since the resistivity is produced by the numerical dissipation in the
present model, quantitative discussions for the reconnection rate are out of the scope of this
paper.

3.2.1. Interaction With Northward IMF

The IMF of the case N is anti-parallel to the magnetic field originated from Jupiter on the
equatorial plane. In this system, we can infer from the knowledge of the Earth's magnetosphere,
especially from the previous simulation works, that magnetic reconnection takes place at the
front side of the magnetosphere since the magnetic polarities are reversed on each side of the
magnetopause [39,40]. Figure 20 separately displays three classes of the magnetic field lines
of force; lines rooted to the inner sphere, the IMF, and the plasmoid. It is observed that the
reconnected magnetic field lines of force seem to be stretched and convected toward the tail.
In order to specify the reconnection feature in the case N in detail, we examine the boundary
of the root between the open and the closed magnetic field lines of force in Figure 21. Here,
the magnetic field lines of force traced from the black region pass through the equatorial plane
within the simulation domain. On the other hand, the white region shows the open region
where the open magnetic field lines of force are started. For the Earth's magnetosphere, such
black-white regions are simply separated by a latitude; the open region must be located at the
high latitude no matter whether the IMF is imposed or not. On the other hand, in the case
N, the closed region forms a peninsula at the noon-dusk area nearby 1200 LT to 1800 LT. The
magnetic field lines of force rooted to just inside of the bay side boundary in the peninsula
are connected to the dawn side equatorial plane, while those rooted to the inside of the low
black region are closed at the day side magnetopause, as anticipated from the cusp structure
in Figure 13. Therefore, the IMF must be reconnected with the magnetic field lines of force
rooted to the white hollow region in the afternoon.

In the case N, as seen in Figure 22, magnetic reconnection at the tail induces the high speed
tail-dusk flow, as well as in the case H (Figure 18). Thus, the northward IMF may play an
important role for the compression of the magnetosphere, and it promotes strong magnetic
reconnection at the tail. Moreover, it is interesting to note in Figure 20 that the magnetic field
lines of force of the plasmoid may be reconnected to those of the IMF at the dusk flank, where
the solar wind collides with the tail-dusk flow mentioned above. Indeed, it is found in Figure 22
that the magnetic neutral line at the tail is connected with the line of the magnetopause where
the magnetic polarity is inverted in the case N. Thus, the IMF seems to deeply penetrate the
tail of the magnetosphere. Since the grid at the distant tail, however, is relatively coarse in the
present simulation, a minute discussion with highly resolved simulation may be needed in order
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to confirm this phenomenon.

3.2.2. Interaction With Southward IMF

In contrast to the case of the northward IMF, it is expected from the simulations of the Earth's
magnetosphere [21,39] that magnetic reconnection should occur in the upper region of the cusp
in the case S. In the rotating magnetospheric system, as mentioned before, the cusp must be
constructed by both the magnetic field lines of force closed on the day side magnetopause, which
is the lower region of the cusp, and the lines closed on the dawn side magnetopause, which is
the upper region (Figure 13). Therefore, in our model, magnetic reconnection at the upper
region of the cusp must tear off the magnetic field lines of force on the dawn side magnetopause.
Figure 23 shows the global configuration of the magnetic field lines of force, where the magnetic
field lines of force rooted to the inner sphere and the isolated lines are separately displayed as in
Figure 20. We can find that magnetic reconnection peels off the magnetic field lines of force on
the upper region of the dawn side magnetopause, and as a result, the dawn side magnetosphere
relatively shrinks.

While the plasmoid in the tail region appears also in the case S, magnetic reconnection at the
tail may be weakened compared to any other cases, so that the size of the plasmoid is smaller
than the other cases. Thus, as seen in Figure 24, the anti-corotational flow induced by magnetic
reconnection is not observed, and the plasmas almost flow across the tail. This flow structure
at the tail is apparently similar to the flow in the case L (Figure 19) rather than in the cases
H and N (Figures 18, 22), while the size of the dawn side magnetosphere in the case S is fairly
narrower than in the case L.

4. Discussion

4.1. Global Model

Based on the results of the present simulations, we propose a global model of the Jovian
magnetosphere. Figure 25 shows the schematic diagram of the Jovian magnetospheric structure
without the IMF, where the magnetic field lines of force on the magnetopause viewed from the
noon, the north, and the prenoon-north are drawn in Figures 25a, 25b, and 25c, respectively.
Here, thick solid lines indicate the magnetopause and the cusp, and thin solid lines with arrows
and chain-dotted line show the magnetic field lines offeree and the equatorial plane, respectively.
Besides, the model of the large scale plasma convection in the equatorial plane with the X- and
the O-type magnetic neutral line is illustrated in Figure 25d.

We infer that the magnetic field lines of force colored by red are accumulated at the prenoon
red-shaded region, where the plasma flow is almost stagnant since the rotational flow collides
with the solar wind. Therefore, the dynamic pressure of the rotational flow in the dawn side
spreads out the magnetopause against the dynamic pressure of the solar wind and the size
of the magnetosphere is expanded to the dawn side rather than the dusk side. Actually, the
ascendance of the intensity of the magnetic field caused by the flux piling up is observed at
the prenoon region, as measured in-situ observations (e.g., [1,3]). In this prenoon region, while
the Kelvin-Helmholtz (K-H) instability is believed to cause the prenoon turbulence according to
the Voyager-based conceptual model by Cheng and Krimigis [17], our calculation cannot resolve
a fine structure related to the K-H vortices. The plasmas at the noon region shaded by blue
are accelerated by the magnetic tension force and the solar wind, those release the stress of
the accumulated magnetic field lines of force. Therefore, the intensity of the magnetic field is
flattened at the afternoon region in contrast with the prenoon region. The rotational speed at
this blue-shaded region is accelerated up to about the rigid corotational speed with Jupiter, i.e.,
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about twice larger than rfio- This process is observed not only in the case H, which is the same
case as shown in [19], but also in the case L (not shown here). It is well consistent with the
results analyzed from in-situ observations [41-43], which could not be explained by the rotating
magnetospheric model without the interaction of the solar wind [11].

At the dawn flank shaded by green, on the other hand, the magnetic field lines of force are
carried toward the tail by the tailward flow which may correspond to the magnetospheric wind
as presented by Krimigis et al. [9]. In our model, the magnetic field lines of force on the dawn
flank magnetopause are connected to the upper region of the cusp through the high altitudinal
magnetopause as illustrated by the green lines in Figure 25. Since the plasmas at the cusp must
rotate counterclockwise in the view from the north as in Figure 25b, the plasmas on the green
lines totally flow toward the tail. Therefore, the plasmas in the high altitudinal magnetosphere,
those are frozen-in the green lines, must flow toward the tail, and makes an anti-corotational
flow.

Figure 26a shows the velocity perpendicular to the magnetic field, Vj., (i.e., the frozen-in
motion) on x = 0 plane viewed from the noon in the case L, where the blue and the red
vectors indicate the sunward and the anti-sunward flow, respectively. We find at once that
the perpendicular flow indicates the corotation in the dusk side magnetosphere. On the other
hand, in the dawn side magnetosphere, the perpendicular flow at the high altitude includes the
tailward component, which indicates an anti-corotational sense. In addition to the perpendicular
flow, the field-aligned flow may be induced by the centrifugal force. After all, the entire plasma
flow on x — 0 plane is shown in Figure 26b, where the solar wind components are also included.
It is eventually found that the anti-corotational flow appears also in the middle altitudinal
dawn magnetosphere. This is due to that the centrifugal force accelerates the field-aligned
flow in the middle altitudinal dawn magnetosphere, where the magnetic field lines of force
have the lagging configuration with a strong x component. Thus, it may be natural that the
anti-corotational flows, which might be detected by the Ulysses observations along the prenoon
inbound pass [44,45], are generated at the middle and the high altitudinal dawn in the Jovian
magnetospheric system. According to the present model, the inbound flybys of the Pioneers,
the Voyagers, and the Ulysses might pass through one of the most characteristic regions in
the Jovian magnetosphere specified by blue, red, and green in Figure 25, those locations are
sensitively varied by the condition how compressed the magnetosphere is.

4.2. Tail Reconnection

As discussed above, the magnetic field lines of force at the middle or the low altitudinal tail
forms the lagging configuration. Therefore, at the tail region of the Jovian magnetosphere,
magnetic reconnection must take place in the lagging magnetic field lines of force as illustrated
in Figure 17. Magnetic reconnection for the Jovian magnetosphere has been discussed by several
global models [16,18]. In these models, the edge of the X-line is believed to touch on the dawn
side magnetopause, so that the magnetospheric wind at the dawn flank observed by Voyager
[9] is considered to be the reconnection-induced flow. Our model, however, does not show
such a structure, but the magnetic neutral line at the dawn side is distributed parallel to the
sun-Jupiter line, as shown in Figure 25d.

Also, another global model by an MHD simulation clearly indicated the evidence of magnetic
reconnection at the tail [20]. In that model, the dawn side edge of the magnetic neutral line
seems to be also separated from the dawn side magnetopause. However, in our model, the flow
induced by magnetic reconnection turns toward the tail-dusk side in the deeply distant tail,
especially for the case of the highly compressed magnetosphere, whereas the model by Ogino
et al. [20] did not indicate the tail-dusk flow. The difference between these two models may
arise from the difference of the inner or the middle magnetospheric state. Indeed, the global
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plasma convection for the case L (Figure 19), which is dynamically dominant system as seen in
Figure 12, is quite similar to the pattern of the large scale flow as found in Plate 2 of [20]. It
is suspected that the magnetic tension force in these cases is too weak to reverse the rotational
flow completely within the simulation domain.

Recently, based on the Galileo observations, Krupp et al. [10] suggested the existence of the
radial outflow bursts at the premidnight-predawn region which was thought as the different
events from the magnetospheric wind in the boundary layer observed by the Voyager 2 [9]. The
outflow bursts appeared closer to the planet than the magnetospheric wind. It was supposed
that the bursts might be caused by the dynamic re-configurations of the Jovian magnetotail
like in geomagnetic substorms [10]. Our results also show that the re-configurations of the
magnetic field lines of force at the tail region happen through magnetic reconnection. These
results suggest that the different types of the outward flows, the outflow bursts induced by
reconnection and the magnetospheric wind, may exist in the Jovian magnetosphere.

4.3. Reconnection with IMF

Next, we present the Jovian magnetospheric model in consideration for magnetic reconnection
with the northward/southward IMF. Indeed, based on in-situ observations, Walker and Russell
[38] showed the evidence for the flux transfer event (FTE). Figures 27a and 27b show the
conceptual illustrations of the cross section of the magnetic field lines of force on x — 0 plane
in the cases of the northward and the southward IMF, respectively. Here, the lines with arrows
indicate the magnetic field lines of force in both the Jovian magnetosphere and the solar wind
while the dotted line sketches the magnetopause. As seen in Figure 27a, the northward IMF
reconnects with the magnetic field lines of force rooted to the afternoon inner sphere, those are
closed on the day side and the dusk side magnetopause. Subsequently, the reconnected magnetic
field lines of force are transferred toward the tail and the magnetosphere is highly compressed by
the solar wind. Therefore, the strong tail-dusk flow is induced by strong magnetic reconnection
at the distant tail region as seen in Figure 22. It is much similar to the state formed by the
strong solar wind (Figure 18).

On the other hand, as shown in Figure 27b, magnetic reconnection with the southward IMF
takes place in the upper region of the cusp, and tears off the magnetic field lines of force on
the dawn side magnetopause which correspond to the green lines in Figure 25. Therefore, the
size of the dawn side magnetosphere shrinks and subsequent magnetic reconnection in the tail
must be weakened. As found from Figures 24 and 19, the reconnection-induced flow in the cases
L and S hardly has the duskward component, in contrast with the cases H and N as seen in
Figures 18 and 22. Thus, the east-west asymmetry in the Jovian magnetosphere must greatly
depend on not only the dynamic pressure of the solar wind but also the polarity of the IMF.

5. Summary

We have performed the three dimensional MHD simulation of the interaction between the
rotating magnetosphere and the high speed external flow with and without the IMF in order
to investigate the global structure of the Jovian magnetosphere. Our results showed that the
magnetic field lines of force near the pole are highly twisted, in which the pitch angle of the
helical magnetic field lines of force seems to be determined by the ratio of the corotational speed
and the local Alfven speed in the deeply distant magnetotail. Therefore, the distant magnetotail
structure may be almost independent of the speed of the solar wind. On the other hand, the
magnetospheric structure at the low altitude was fairly controlled by the dynamic pressure of
the solar wind. The magnetic field lines offeree were accumulated at the prenoon region due to
the lagging of the corotation, and therefore, the strength of the magnetic field rose up especially
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in the case L. At the dusk side, however, the intensity of the magnetic field from the middle to
the outer magnetosphere was flattened since there is no obstacle to pile the magnetic field lines
of force.

Also we indicated that the global plasma convection is largely affected not only by the plan-
etary rotation but also by the solar wind. In the tail region, the corotational flow was broken
by the tailward flow induced by magnetic reconnection. Particularly, in the case H, the tail-
dusk flow was generated via strong magnetic reconnection at the tail region, while such a flow
structure was not observed in the case L. In the case including the uniform northward IMF, the
magnetic field lines of force rooted to the afternoon inner sphere are subject to reconnection
at the day side magnetopause. On the other hand, magnetic reconnection with the southward
IMF occurs in the upper regions of the cusp and tears off the magnetic field lines of force on
the dawn side magnetopause. As a result, the dawn side magnetopause relatively shrinks. In
this case, magnetic reconnection and the flow related to reconnection at the tail were partially
suppressed, while the northward IMF extremely promoted tail reconnection. Thus, for the large
scale pattern of the plasma convection in the Jovian magnetosphere, reconnection must play a
crucial role.

Here, we discussed only the quasi-steady structure of the global Jovian magnetosphere, and
the dynamical feature will be presented elsewhere. Also, in order to treat the tilting effect of
the magnetic dipole axis from the rotation axis, we must develop the fully three dimensional
MHD simulation without any symmetries.
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Table 1: Boundary conditions in four different simulation runs.

Case r<

L
H
N
S

0.1
0.1
0.1
0.1

KswKWs)
-300
-400
-300
-300

BzSw(nT
0
0
1

- 1

) IW(K)
4x 104

4x 104

4x 104

4x 104

MA

oo
oo
4.3
4.3

Ms

12.8
17.1
12.8
12.8

(a)

A \ \ \ \ \ '

(b)

Figure 1: (a) The whole and (b) the inner grid structure of the present simulation on the x-z
meridian plane. The grid structure is based on the spherical coordinate system in the inner
region and is stretched in the outer region to fit the vertical wall at the front boundary.
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Figure 2: Three dimensional structure of the magnetic field lines of force in the case L, where
the green lines are rooted to the inner sphere and the yellow lines indicate the isolated lines from
the planetary boundary. The purple line on the equatorial plane shows the magnetic neutral
line. The top-left, the top-right, the bottom-left, and the bottom-right panels are the view from
the afternoon-north, the north, the noon, and the dusk, respectively.
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Figure 3: The vectors of the plasma flow and the density contour on the equatorial plane in the
case L, where the purple line shows the magnetic neutral line. Redder regions indicate higher
density regions (red regions are more than 0.5/cm3) while bluer regions are lower.
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Figure 4: The spiral structure of the typical magnetic field lines of force rooted to the high
latitude (9 = 60°, 90°) in the case L viewed from the north (top) and from the dusk (bottom).
The circle indicates the point (-250.R./,-30J?j, 110-Rj).
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Figure 5: (a) Schematic diagram of the high latitudinal magnetic field lines of force, where the
flux surface and the magnetic axis are formed, (b) The coordinate system to analyze the spiral
magnetic field lines of force, where a denotes the pitch angle of the lines.
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y = 7o"
# = 75°
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so no 60

Figure 6: The average pitch angles a with respect to zi specified by some latitudes 9 {9 = 65°,
70°, 75°, 80°, 85°) in (a) the case H and (b) the case L.

Figure 7: The average ratio of BgT to Bzr on the flux surface, i.e. tan a, is plotted as a function
of the average radius rx of the magnetotail for the case L around (-250RJ,-30RJ, llORj),
which is marked by circle in Figure 2. Also, riQ,0/Vsw and rrfio/K4 are plotted by the dotted
line and the chain-dotted line with circles, respectively.
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Figure 8: The magnetic field lines of force in the case H, those are traced from 6 = 40° and 60c

The left and right panels are the view from the afternoon-north and the north, respectively.

Figure 9: The same as Figure 8 in the case L.
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no rotation
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Figure 10: The z component of the magnetic field Bz on the equatorial plane in the cases H and
L is plotted as a function of the radial distance (a) along the prenoon (0900 LT) and (b) along
the afternoon (1500 LT) pass, respectively. The dotted line shows the result in the non-rotating
case with Vxsw = -300km/s for the sake of comparison.
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Figure 11: The contour of the density on x = 0 meridian plane in the case L. Redder regions
indicate higher density regions (red regions are more than 0.1/cm3) while bluer regions are lower.
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Figure 12: The vectors of the plasma flow on the equatorial plane (a) in the case H and (b)
the case L, respectively. Here, the blue and red arrows indicate the magnetic energy-dominant
region and the kinetic energy-dominant region, respectively.
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Figure 13: The closed magnetic field lines of force, which pass through the equatorial plane, are
picked out from the green lines in Figure 2. The top-left, the top-right, the bottom-left, and the
bottom-right panels are viewed from the afternoon-north, the north, the noon, and the dusk,
respectively.
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Figure 14: The contour of the pressure on x = 0 meridian plane in the case L. Redder regions
indicate higher pressure regions (red regions are more than 3.3 x 10~nerg/cm3) while bluer
regions are lower.
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long.(LT)

long.(LT)

Figure 15: Gray scale images of the average pressure along the magnetic field lines of force
is mapped onto the hemisphere of the radius (a) rpB = r0, and (b) AbRj in the case L. The
ordinate and the abscissa indicate the latitude measured by a degree and the longitudinal local
time, respectively. Whiter regions indicate higher pressure.
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Figure 16: Three dimensional view of the cusp of the Jovian magnetosphere. Here, the inclined
dotted lines depict the twisted structure of the cusp.
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Figure 18: The vectors of the plasma flow on the equatorial plane in the case H, where the solid
line shows the magnetopause and the magnetic neutral line.
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Figure 19: The same as Figure 18 in the case L.
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Figure 20: Three dimensional structure of the magnetic field lines of force in the case N. The
top-left and the top-right panels show the magnetic field lines of force rooted to the inner sphere
viewed from the afternoon-north and from the north, respectively. The bottom-left and the
bottom-right indicate the IMF, the closed lines within the domain, and the plasmoid, viewed
from the afternoon-north and from the north, respectively.
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6 12

long.(LT)

Figure 21: The black-white image on the inner sphere where the white and the black regions
show the roots of the closed and the open magnetic field lines of force, respectively. The ordinate
and the abscissa indicate the latitude measured by a degree and the longitude by a local time,
respectively.
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Figure 22: The same as Figure 18 in the case N.
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Figure 23: The same as Figure 20 in the case S.
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Figure 24: The same as Figure 18 in the case S.
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(a) North ©awn

Dawn-

Cusp

Dusk

South

W T ^ North

Dawn South
Noon

Dusk

Figure 25: The schematic diagram of the Jovian magnetospheric model without the IMF. The
magnetic field lines of force on the magnetopause viewed from (a) the noon, (b) the north, and
(c) the prenoon-north are drawn. Also, the global plasma convection in the equatorial plane is
illustrated in (d). The meanings of blue, red, and green are stated in the text.
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(a)
100 -i
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y(Rj)

z(Rj) 50- ."

-150 -100 -50 0 50 100

y{Rj)

Figure 26: The vectors of (a) the plasma flow perpendicular to the magnetic field and (b) the
total plasma flow on x = 0 plane in the case L. Here, the blue and the red arrows indicate the
sunward and the anti-sunward flows, respectively
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(a) North (b) North
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Figure 27: The schematic diagram of the cross section of the Jovian magnetospheric model
on x = 0 plane (a) interacting with the northward IMF and (b) with the southward IMF,
respectively. Here the dotted line shows the magnetopause.
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