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......... C .. 1",J.J•'-'"'oJOj.n.J.'--·J..J.v coordinate is 
nllw = 5/cm-3

, Vsw = 300 km/s 
dimensions, xo ::=; x ::=; x1, 0 ::=; y ::=; Yo 

typically Xo = -60Re, and X1 = Yo = zo = 30Re· 
the derivatives all physical quantities are zero, are 

z = ±z0 . A boundary condition was used at y = 0, 
?fJ(-y, z) = 

criterion, 
.............................. , ........... group velocity in calculation domain, was 

was only mentioned, and the 2-dimensional 
similar to the the latter case, all physical 
y-direction dipole magnetic field is adopted. 
used are following section. 
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above it near 
section for () > 0°. 

= 0, 



Fig. la. and lb. Two-dimensional MHD simulation result of the quasi-steady 
state magnetospheric configuration depending on the dipole tilt angles, () = 0° rv 

120°. 
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Fig. 2a. and 2b. Three-dimensional MHD simulation result of the quasi-steady 
state magnetospheric configuration in the sun-earth meridian depending on the 
dipole tilt angles, () = 15° "' 90°. 



Fig. 3a. and 3b. Structure of the plasma sheet in the tail cross section depending 
on the dipole tilt angles, () = 0° rv 90°, where the plasma pressure is depicted by 
color code. 
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Fig. 4a. and 4b. Configuration of the x-component of magnetic field, Bx in the 
tail cross section depending on the tilt angles, B = 0° rv 90° where the positive 
Bx (sunward vector) is depicted by the red and the negative Bx (tailward vector) 
is depicted by the blue. 



Fig. 5a. and 5b. Time evolution of the magnetotail configuration when a uniform 
northward IMF of B z = 5nT begins to flow with the solar wind and interacts 
with the quasi-steady state magnetosphere for the tilt angle of (} = 90°, where 
the patterns of p (5a) and Bx (5b) are depicted by the color code. 
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For B = 45°, the plasma sheet extends greatly toward the northern magnetopause 
near the midnight meridian (compare with Figure 2a for () = 45°), and a horn of 
the tailward magnetic field intrudes into the northern lobe there on the Bx pattern. 
This strange plas111a sheet expansion will need a further study and might be partly 
associated with the limit of the grid spacing. 

The arched shape of plasma sheet is more distinguishable for larger tilt angle. 
The plasma sheet forms an oval detached from the magnetosheath in the tail cross 
section for () = 60° and 75°, and it eventually forms a ring for () = goo. The transfor
mation can be clearly seen on the Bx pattern. The magnetic neutral sheet for Bx = 0 
is located on the boundary betwe~n the tailward magnetic field depicted by the red 
and the earthward field by the blue as was previously mentioned. The region of the 
tailward magnetic flux is almost surrounded by that of the earthward magnetic flux 
for () = 45°. The feature is obvious for () ~ 60°. Therefore we can conclude that 
the magnetic neutral sheet has an arched shape connected with the magnetopause for 
() :::; 30° and an oval-shape detached from the magnetopause for e ~ 45°. The critical 
angle is suggested to be about e = 30° rv 45° from the simulation. 

It should be noted that the average position of the magnetopause on the Bx 
pattern shifts somewhat northward from the GSM equatorial plane for () = 15° rv 

75°. For example, the position of the magnetopause at the midnight meridian is 
z = -24Re at x = -30.5Re in the southern hemisphere, while z = 28Re in the 
northern hemisphere for e = 30°. This is because the nightside magnetic flux of the 
tilted geomagnetic dipole slightly pushes up the entire magnetotail. 

3.3 M agnetotail dynamics in effect of IMF 
In Figures 5a and 5b is shown a time evolution of the magnetotail configuration 

when a uniform northward IMF of Bz = 5nT begins to flow into the simulation box 
with the solar wind and interacts with the quasi-steady magnetospheric configuration 
for () = goo, which is shown in Figure 2, 3 and 4. The time is measured from the 
switching on the northward IMF. The plasma sheet, which initially forms a ring in the 
tail cross section for () = goo, is broken in the northern part and merges into the hot 
plasma of the northern magnetosheath. This is because the magnetic reconnection 
begins to occur on the northern magnetopause where the antiparallel field condition 
is satisfied between the tilted dipole field for B = go 0 and the draped IMF. On the 
Bx pattern, the area of the tailward magnetic flux depicted by the red, which is 
initially surrounded by that of the earthward flux, extends toward the northern lobe 
and merges with that of the tailward magnetic flux created by the draped northward 
IMF. At the same time a fine structure like arcs appears for p and Bx in the region 
in which the magnetic reconnection is occurring. The magnetotail dynamics in the 
simulation suggests that the plasma sheet (or plasma oval), when detached from the 
magnetosheath for a large tilt angle can be mixed with the magnetosheath plasma by 
the magnetic reconnection process, reflecting the possibly very dynamic behavior in 
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3-dimensional model, position of the 
.;:;.u.J.J.01..-•J.1'-'.L.;:; on the midnight can be determined as z = rosin(() /2) 

intersection between circle of x 2 + z 2 = r5 and the of z = -x tan ( e /2) 
0 S () S 90° in the solar magnetospheric coordinate system. 
neutral sheet in the southern hemisphere can be determined for 
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Fig. 6. Schematic diagram of the relationship between the dipole tilt and the magnetic 
neutral sheet for Bx = 0. The magnetic neutral sheet is assumed to be elevated in 
height for a half the dipole tilt angle at a distance close to the magnetopause in the 
tail. 2-Dimensional Model 

3-Dimensional Model magnetopause 

z -- - --r: ~~:: 
~e 

Fig. 7. Two- and three-dimensional models of the position of the magnetic neutral 
sheet on the midnight meridian for all the dipole tilt angle, (}. 



of magnetic neutral sheet in 3 dimensions, let us 
radius of the magnetopause described by x2 + y2 + = r6 

by z - r0 sin(B /2) tan a(x + r0 cos(B /2)), where a is some 
in relation to the equatorial plane and can be determin~d 

a= r0 

Inserting the plane equation of x = -z cot a - x1 into 
we obtain the following elliptic equation for the neutral sheet 

y-z plane, 

(1) 

a cos( a 
e 

b = ro cos( a - 2) 

z1 = rocosasin(a - ;) and X1 rosin( a - ; ) I sine. 

are two cases, depending on whether or not the bottom of the oval is located 
region for x > 0. necessary critical condition is given by inserting z = -r0 

y = 0 into ( 1) as 

sin(2a-;) = 1 

e 7r 
2a - - = -

2 2 

(2a) 

(2b) 

the area of the oval in (1), which corresponds to the region of the 
is easily calculated as 

(3) 

2S1 = So = 7rr6 is reduced to the following expression, 

(4) 

of the ellipse is located in the nightside for x < 0. Inserting (2b) 
critical angle can be determined by the following relationship, 

. 3 1 
sm a= 2 (5) 
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tailward magnetic flux equals that of 
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dipole tilt angle, B, when the area 
earthward flux. 

Fig. 9. Three-dimensional model of the shape of the magnetic neutral sheet for Bx = 0 
in the tail cross section for several dipole tilt angles, B, where the magnetopause is 
assumed to be a constant circle. · 



as ae = 52.53° and fJ e = 
described 
northern 
the sou them sheet is z 
of the neutral sheet are z = ±r0 /2112 in 

When the dipole tilt e' is (} ei area 
the tailward magnetic , should be encompassed by the upper part of the 
in (1) and the lower part of magnetopause circle by y2 + = r5 on 
the y-z plane. The tangential point of the two curved lines is given by z = z 2 = 
-r0 sin(a - (B/2))/ cos a, area of the tailward flux is calculated as 

+ ~[z(a2 
- z2

)
1

/
2 + a2 sin- 1 (z/a)]~~t;~ 

a 
(6) 

z3 = -z1 + a. the can 

following relationship, 

=So= 7rr5 (7) 

As a result, the shape of the magnetic neutral sheet for = 0 is obtained by (1) 
and (7) in the tail cross section for 0 :=:; (} :=:; Be. The position of the magnetic TI£Yn1" .... ,, 

sheet on the midnight is shown in 7 for 0° ::; () ::; go0
• 

The dependences of a, xif r0 and zif r0 on the dipole tilt angle, B, are shown 
Figure 8 when the relationship in ( 4) or (7) is satisfied. approximate r..-vy,.,..,-,,~c 1 '"'Y1 

of a = (1+1/2112)8 is valid for small e. Moreover, a = ae is valid for fJ = Be 
then a = goo for e = goo. 

Figure 9 is the shape of the magnetic neutral sheet in the tail cross 
section for several dipole tilt angles of B = 0° f"'..I 90°, the 1s 
simply assumed to be a circle. The dashed line means the dayside neutral sheet 
fJ < Be and does not appear in the tail. neutral sheet with an arched is 
over the solar magnetospheric equatorial plane near the midnight meridian and below 
it on the flanks of the magnetopause for B < (} e· On the other hand, it forms an 
detached from the magnetopause for e > e e and becomes a ring for (} = goo. 

When the format of the empirical magnetic neutral sheet model for = 0 by 
Fairfield [lgso] is adopted, (1) can be rewritten as 

2 . 

Z = a(l + ~'2 )lf '2 - Z1 

y2 
={(Ho+ D)(l - y 2 )

112 
- D} sin B 

0 
(8) 
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cos a sin( a - 8/2) 
D = ro . e ' sm 

H D 
_ sin a cos( a - e / 2) 

0 + - To . e sm 

Yo= To cos( a - e /2) 

To 
and Ho = 2 cos((} /2) 

These parameters can be approximated as D = r0 (1 + 2112 )/2, 
(1/2)r0 from a = (1+1/2112)8 for e < < 1 and then as D = 0. 7 40r0 , 

Ho = 0.528r0 for the critical angle of e = Be = 30.13°. In 
of D seems to be particularly larger than that given by Fairfield [1980] or 
al. [1986]. However, the present neutral sheet model is only a little U.J..J.L'-''-'"·"'·" 

that of the empirical model, because an oval neutral sheet is here 
dipole tilt angles. In fact, the present neutral sheet model a result 0.1..uL.u . .1.<»1. 

the empirical model, except for near the magnetopause, for a tilt angle ul.1..1.u.1..1.·c:o.1. 

the critical angle. 

magnetic neutral 
position given by the 

10 is shown the 

upper panel ~ ....... ~~v .. 
magnetopause and the neutral sheet versus e. 

practically executed for the tilt angle between e = 0° 
Figure 10 are depicted for the complete range of the 
of symmetry to clearly show the dependence of the ,.....,...,," 1

T
1

·"'T1"' 

and neutral sheet on the tilt angle. The magnetopause .., ... .._ .......... u .. .., 

0.76 times the maximum distance fore= 90°' even though 
the 2-dimensional line dipole is isotropic. It is noted that the 
virtually coincide with that of the magnetopause at e = 0°' a 
from the 3-dimensional result (compare with Figure 11 ). 

In the lower panel the position of the simulated neutral sheet 
which is normalized to the distance of the magnetopause, is compared 
the 2 dimensional neutral sheet model (solid line). is quite 
between the results from the simulation and the 2-dimensional model. 

In Figure 11 is shown the dependence of the positions of the m<un1et,001arn;;e 
and the neutral sheet in the midnight meridian on the dipole tilt 
3-dimensional case. The format of the figure is same as for the 
Figure 10. The simulated position of the magnetopause as well as 



(a) 2-Dimensional Simulation 

(b) 2-Dimensional Model magnetopause 

z 

0 

10. Dependence of the positions of the magnetopause and the neutral sheet for 
= 0 on the dipole tilt angle, e' in the 2-dimensional case. 

(a) 3-Dimensional Simulation 

(b) 3-Dimensional Model magnetopause 

z model 

simula ion 

- 80 gcf' e 180° 

11. Dependence of the positions of the magnetopause and the neutral sheet for 
= 0 in the midnight meridian on the dipole tilt angle, e, in the 3-dimensional case. 
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sheet changes depending on the tilt angle, e' 
expands in the midnight meridian for e = 0° 
0.82 times the maximum distance. This tendency seems to 
2-dimensional case, while the magnetic pressure 
dipole axis is 4 times stronger than that on the ...... u ... ;;;., .................. ...... 

The simple pressure balance gives the ratio of 
to be 0.97-fold that for 8 = 0°. Therefore, 

magneto pause 
= 90° down to 

for the 

more 
for () = 90° than the case when the pressure account. It 
is noted that the neutral sheet virtually coincides magnetopause line near 
(} = ±30°. This feature differs from the 2-dimensional (see 10), which is 
very consistent with the existence of the critical e c = 30.13° 
magnetic neutral sheet model. And a north-south 
the northern and southern parts of the magnetopause 

In the lower panel the position of the simulated 
which is normalized to the distance of the J.J.J.uvi::..H.'CIJ'-"IJ(J•u.0·1,_,, 

the 3-dimensional neutral sheet (solid 

the magnetic neutral sheet in 
the shape of the model 

When 

9 are compared with those in 6 of the paper 
is that the present neutral sheet is smoothly vv.1. .... .1. ... -.,-., 

tangential line. The tangential connection of the 
more favorable in the ideal steady magnetosphere 
lines are considered near the magnetopause. 
the magnetic neutral sheet can be easily deviated 
quasi-steady state configuration because 
must undergo the influence of the 

The critical angle in which the neutral sheet is .,...,,.,,F.'-'·H".l.'-"J. 

was suggested by Biscoe (1971] as a transition from the 
closed cylindrical neutral sheet for the tilt angle of e = 90°. 
uration for such a critical angle was also demonstrated 
equilibrium calculation for e = 45° by Voigt et al. [1983]. 
result of the plasma sheet in Figure 3 is similar to their 
suggested the critical angle of Be = 30.13° which somewhat 
chosen by Voigt et al. Still, it may be better to say that 



Fig. 12 

Fig. 12. Configuration of the plasma density, p, the plasma pressure, p, and the 
magnitude of magnetic field, B, on the noon-midnight meridian and their cross 
sectional patterns at x = -l8.3Re and -36.3Re in the tail for the dipole tilt 
angle of() = 20°, where a (Ni, N11 , Nz) = (160, 50, 100) point grid is used with 
the grid spacing of ~x = ~y = ~z = 0.6Re. 

Fig. 13. Three-dimensional configuration of the magnetic field lines for () = 20° 
in the same calculation as in Figure 12. 
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e = 30° rv 45° because the transition .from e = 30° to 45° in the simulation is very 
gentle (see Figure 4). And also there is no observational evidence for a detailed plasma 
sheet at the earth. 

By using the simulation result of the interaction between the solar wind and 
the earth's magnetosphere with higher spatial resolution and a typical tilt angle, the 
effect of dipole tilt will be discussed in more detail. In Figure 12 are shown the 
configuration of the plasma density, p, the plasma pressure, p, and the magnitude of 
magnetic field, B, on the noon-midnight meridian and their cross sectional patterns 
at x = - l8.3Re and -36.3Re in the tail for the dipole tilt angle of e = 20°, where 
a (Nx,Ny,Nz) = (160,50,100) point grid is used except for the boundary and the 
grid spacing is selected as ~x = ~y = ~z = 0.6Re. The magnetic neutral sheet 
is above the GSM equatorial plane in the central plasma sheet region and below 
it near the magnetopause as was previously mentioned. The neutral sheet and the 
maximum pressure of plasma sheet form an arch shape in the tail cross section, and 
at the same time the plasma sheet also expands toward the southern lobe near the 
midnight meridian. The plasma sheet forms an arch and also puts out its tongue into 
the southern lobe. The thickness of the central plasma sheet itself decreases in the 
distant tail, whereas the thickness of the expanded plasma sheet region with lower 
plasma pressure tends to increase down the tail. Moreover, the whole magnetotail 
somewhat shifts toward the north fore= 20°. The magnetopause somewhat expands 
in the northern part but shrinks in the southern part when the northern edge of 
geomagnetic dipole is tilted toward the sun (positive tilt). 

In Figure 13 is shown the 3-dimensional configuration of the magnetic field lines 
for e = 20° in the same calculation as in Figure 12. The yellow shows the closed field 
lines, while the blue and the green show the open field lines which have their footpoints 
on the northern and southern ionospheres, respectively. Convex and largely rounded 
yellow lines correspond to the traveling magnetic field lines near the magnetopause 
from dayside to nightside. These field lines can dominantly control the structure of 
the depressed neutral sheet on flanks of the magnetopause. The narrow closed tail 
field lines are above the GSM equator for e = 20° when the northern dipole edge is 
tilted toward the sun (positive tilt). It should be noted that these elongated magnetic 
field lines to sustain the raised up narrow plasma sheet are concave .. The concave 
feature may be necessary to maintain a stable magnetotail configuration for a while. 
In fact, the plasma sheet is stable for 30 minutes and the plasma convection becomes 
weaker there. 

6. Conclusion 

We have studied the effect of dipole tilt on the magnetosphere structure and dy-
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