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SUMMARY

The boundary of the magnetosphere is computed taking
into account the inclination of the geomagnetic dipole and
the nondipole part of the geomagnetic field. The latter
affects little the boundary of the magnetosphere. The asym-
metry of the magnetosphere on the daytime side must result
in the asymmetry of the tail.

There exists at present a magnetohydrodynamic theory of Earth's magnetic

field interaction with solar wind. The flow of plasma from the Sun encounters

in its path the Earth's magnetic field, flows past it with the result that a

plasma-free cavity emerges. Electric currents flow in the thin boundary layer

of the cavity; these currents hinder the magnetic field penetration into the

plasma and result in magnetic field increase inside the cavity [1]. If we

assume s.:hat on cavity surface particles are specularly reflected at incidence

angle K, the pressure of the plasma, perpendicular to the surface of the cavity

is p 0 cos 2 K. At normal plasma flux incidence upon the magnetic field, when

the velocity direction changes to the inverse, the flux pressure is po ! 2nmv2

[2], where m is the mass of an electron-ion pair, n is the concentration of

particles in the flux and v is their velocity. It is shown in [3j that the
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entire plasma pressure must be equilibrated in the course of reflection by

the pressure of the total magnetic field on cavity surface. Therefore, the

problem of finding the shape of the cavity is formulated as follows ( 3 - 11];

inside the cavity div H — 0, rot H — 0, excluding the point at the place of

dipole disposition, while on the surface of the cavity

Sn	
'^108" X.

The analytical solution of this problem is obtained only for the two-

dimensional caste (3, 7 - 9). The three- •dimensional problem is resolved nume-

rically by utilizing the approximate equation ( 5, 6, 10, 11]

4Nl,,,z	 f	 H,
Sn .= 

po cosz x,	
211,x,

	
(1)

where f is the position function on the surface; Hs is the total magnetic

field on cavity surface; Hp is the geomagnetic field on cavity surface. Bird

(5] assumed that f — 1, which is equivalent to the assumption on the equality

of Hs to the doubled tangential component of the permanent Earth's magnetic

field at any point of the surface of the cavity.

In the current work the problem is being resolved of finding the shape

of magnetosphere surface in the case of nondipole magnetic field. We are

utilizing Eq.(1), in which we assume f - 1.

The expressions for the normal to the surface and flow velocity, required

for the determination of cos K and Hps, are borrowed from [5]. The utilized

system of coordinates is illustrated in Vig.l.	 z

The axis y is directed at the Sun. The direc-

tion of the dipole moment coincides with neither
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coordinate axis. Hps — —grad U is obtained

from the expression U of the magnetic field po-

tential determined with the help of the spherical

analysis, taking into account the coefficients 	 X

gl ° . h 1 1 0 921

1^U , ^;

r2 (g
1° cos 0 + hi a sin 4 sin 0) -f - 1̂̂ (3g2l cos k sin8 cos 0)

\,I
Fig.1
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where RE is the radius of the Earth; ,E is the distance to the point, at which

the potential is determined; A is the longitude of that point and A is the

polar angle. For the equinoctial period, when the flux velocity is parallel

to the plane of the geographic equator, the equation, determining the surface

of the magnetosphere with nondipole magnetic field, will bit written:

j! m C l91 sin 0 h l siu cos 0 —	 gr cosXCOs ZO -}-

1 fir(	 3
+ r do

2gs cos A + 2h i sin X sin A + ^ gz cos k sill 0 cos 0A =

t sin T sin 0 — 1 0sinIr Cos 0—
rC 8 arl'	 (2)

where
a--a 1 , 

C 1 
8r l a + / 1 8r _	

y—a  
r 80	 r	

+ (— .L)2
4i^:0 acp

^

	r 00

are determined in [51;0 is the angle in the equatorial plane ( ¢ = 7r/2 at the

subsolar point) . Following are the denotations used: gi Rwlgt°, hi = RAO,
gs = RO-3ga l . Eq. (2) is a nonlinear differential equation in partial deriva-
tives with two unknowns, A and ^, whose solution is unknown in literature.

ar
We shall write Eq.(2) in the assumption that at = t 

'
Ẑ, 3r = 09 1. e.,

we shall. obtain the equation for the cross-section of magnetosphere surface

by a meridional plane. If ar/ao = 0, we have a s b and

—	
! 

z tgi sin A — h l sill 	 A — i ^'a cos Xcos 20 -^-
y4=nv r'	 r

+	 dr 
2+g, cos A + 2M, sin X sin 0 + S Sz cos X sin A cos A11—

r dA (	 r	 / J

t tsin( t 2) sin A — sin (:j- 2 )7 dA cos 0, .	 (3)

The expression a
r 

c 0 is valid only for a surface, symmetrical with res -
pect to the meridional plane. Generally speaking, no such symmetry can be ex-

pected in the case of a nondipole field. However, in order to simplify the

solution of the problem we shall consider the surface of the magnetosphere of

a nondipole field as symmetrical in :he direct neighborhood of the meridional

plane. Then, we may assume ar/a^ — 0
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In a form resolved relative to the derivative and after substituting in

it the numerical values of coefficients 90,/&0, Ca l borrowed, for example, from
(12j, Eq.3 assumes the form

11 ^,^
d/r	 /t^' $in 0 T ^sii ► 0 + 0,195 sill 4 cos 0 + 0,3 

	
cos X cos 20)

d0
z/P cos 0 ::f: ( coy 0-0,3'U sin X sin 0-0 ,45 

`t 
cos fit, s ill 20

where	
r	 91h	 ^ MOB,_	

R ,^	
^;

►'U	 (liT inuv lt ) 'h 	 (^jn"InvZ)i^^^	 ^`	 ► '4

M being the magnetic moment of the Earth. The signs ± ahead of R 3 correspond

to two half-planes	 ±	 The signs ± before the parentheses in the

numerator and the denominator depend on the relation of signs of HP, and cosK.

At the same time, cos K -R (nsv) , where As is a un-"Mary vector of the inner nor-

mal to the surface, 4 is a unitary vector of flux velocity. To impart Eq.(1)

a physical sense it is necessary that 1 >. cos K >. 0 As to the sign of Hps,
the sign change on the daytime side can be a_priori taken for granted some-

where near the poles, in neutral point. We shall assume HP, to be positive on

the daytime side from the equator to neutral points, and on tae night side,

and negative from neutral points to the poles. 'Then the meridional cross-sec-

tion of the daytime surface of the magnetosphere from equator to neutral points

will be given by the equation

dlr'	
R3sin0-- C sin0+ 0,195 sin ,% cos0 +0,3

R 
cos 4 cos 20}

d0 ._
 it 	 _._._^	 r 

Rio;' 5 )
R30080+  2 cos 0-0,39 sin 4 sin 0^-0, !a 

R 
cos 4 sin 20,

and the remaining part of the meridional cross-section of the surface-- by the

equation

dl?	
`I17 silt U + sin 0 + 0,195 sink cos U -^ 0,33 

Rri
^^ cos k cos 2U>

._.	
/t

R	 --
'dU

—R:1 Cos 0 — 2 cos 0-11,:39 sill X silt 0--0,45 L{ cos %sin 20)	 (6)c

In case of nondipole magnetic field the shape of the cavity will be dependent

I
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mf I tia If t >	 a ► ,r1 110 tohhi so t he It n Imp i voit i'orit1 t or the time 0600 h. UT,

when A & '02

dif, 
l! 

ft, sill 0 — mill 0 — 0,19 5 cos 0
7A	 /h cos 0 ^- 2 cos 0 •- 0,39sIn 0'	 )

do	 R' sin 0 + sin 0 1. 0,105 cos 0

TO	 10 cos 0 -- 2 cos 0 + 0,39 sin 0'

For the moment of time 1800 h . UT, when X tw..7r/2,

dR	 R3 sin 0 T_ (Sill 0 —_0,195 cos 0)
c10 n1113 Cos 0t(2eos0+0,30 0	 ^9)

and for the moment of time 1200 h.UT when X — 00

^1R	
l;-' sin 0 T Csin 0 + 0,3 Jr cos 20)

R 1	 +
A	

Its cos 0t ^2 cos 0 -- 0,45 Rz	 (10)
sits 20)

I^

The approximate Runge-Kutta method was applied for the integration of

Egs.(7) and (8). Formulas of third order were utilized. The computations

yield an error in the third sign of values R. The computation step is 0.1 rad.

The initial conditions R — 1, 0 — 78° and R — 1, 0 — n/2 were chosen from the

following considerations: a) the soltuion of the corresponding equations for

the dipole field [5 , 6] yields R — 1 on the daytime side near the equator; b)
dR/d6 drifts to infinity at 0 - 83°, R — 1, as a consequence of which one may

not take advantage of the approximate method in the vicinity of that point.

The drifting of dR/d0 to infinity at 8 — 83° corresponds to the forward singular

point 6 — n/2, R = 1 in [6]. From the physical standpoint this point is appa-
rently the stagnation point of the flux.

According to the numerical sLlution of Eq.(7), the distance to the magneto-

sphere boundary increases from 9 — 78" in the direction toward the North pole

and decreases from 0 — 90° in the direction to the South pole. Eq.(8) is re-

solved with initial conditions R — 1 at 0 — 19° and R — 1 at 8 — 161% which
are the solutions of the corresponding equations for the dipole field [6]. The

points of identical numerical solutions of Egs.(7) and (8) may be considered as

neutral points, at which the magnetic field changes sign. The coordinates of

x,
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of the northern neutral, point are R Pw 1.06, 0 -* 16 0 , Chose of the southern are

R t- 0.96, 0 - 22°, The coordinates of neutral points in [6] are R	 1 at 0 o-19.10

and R - 1 at 0;- 1G0.9°

The numerical solution of Eq.(8) yields a sharp increase of R from neutral

points to the poles. When R ;-, 1.16, 0 * 7 0 , dR/d0 oo , which does not allow us

to resolve Eq.(8) by the approximate method for 0 < 7°. In the southern hemi-

sphere ( 7r/2 < 0 < 7) the right-hand part of Eq.(8) is continuous. Its solution

with the initial condition determined above is a closed line, symmetrical relative

to axis z and with a small minimum above the poles, dR/d8 - 0 at 0	 173	 This

integral curve cannot represent the cross section of the magnetosphere surface in

the region of poles and on the night side, for here cos K < 0. The physical, con-

ditions in the vicinity of the southern and northern poles must not differ too

mush. We shall consider that in the circumpolar regions Eq,(1;^ cannot describe

the surface of the magnetosphere and it remains undetermined when the problem is

stated that way. The insufficiency of the approximation (1) in the region of poles

is recognized in well known worms on the boundary of the magnetosphere. Another

statement of the problem is required for the mathematical assignment of magneto-

sphere surface, which would take into account the pressure of thermal motion of

particles and of the interplanetary magnetic field (possibly other effects also)

and could not be neglected in the circumpolar regions.

As soon as the surface of the magnetosphere ceases to be parallel to solar

wind velocity, so that Cos K > 0, Eq.(1) can again be used for the determination

of the surface of the magnetosphere, considering the dynamic pressure of the wind

as prevailing over other effects. However, because of the uncertainty of the sur-

face in the region of poles, initial condition of Eq.(8) can not be found for the

night side. One may think that if R attains various values at poles on the day-

time side, these values of R will also be different on the night side. This is

why for the night side Eq.(8) should be , r_,soJ.ved with different initial condi-

tions for the two hemispheres. The integral curves of Eq.(8) for R > 1.24 in the

northern hemisphere and for R > 1.27 in the southern hemisphere are lines for which

R increases with the increase of 0. These integral curves are analogous to the

curves in [6), determining the night magnetosphere.

The view of the meridional cross section of tha magnetosphere surface of in-

clined dipole field for 0600 hours U.T. is represented in Figure 2 (next page).

k
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Fig.2

The solid lines show the computed cross section and the dashed lines — the
assumed one. Arrows indicate the discontinuity of the right-hand parts of

8gs.(7) and (8)	 The radius of the cavity is given in Earth's radii. The cons-

truction was made for the following solar wind parameters: v — 500 km/sec, n ....

10 cm- 3 , with R — 8.5 RE The solar wind velocity is parallel to the plane of

the geographic equator. The night magnetosphere is determined by (8) with ini-

tial conditions; R *- 1.3, 0 — 170° and R — 1.5, 0 — 10°. For the assumed initial

conditions the half-width of the tall is by N 2RE greater in the northern than in

the southern hemispheres. With other initial conditions the tail's asymmetry

may increase to several. Earth's radii..

In Eq.(10) the terms arising out of the nondipole state of the geomagnetic

field, are by one order smaller than the terms conditioned by dipole inclination
in Egs.(7) and (8). The distance to the boundary of the magnetosphere at dipole

orientation corresponding to 1200 hrs UT may differ from the distance to magne-

tosphere boundary of the dipole field by - 0.01 R in all. At increase of the

dynamic pressure of the wind the differences in magnetosphere boundary, induced
by nondipole terms, increase. In this case the dipole orientation of the magne-

tosphere boundary in circumpolar regions is not determined by Eq.(1) either.

At 6 la/2. dR/d0 = oa. The region of uncertainty near poles at such an orientation
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of the magnetic dipole will be smaller then at dipole orientation correspond-

ing to 0600 hours UT. Note that for the determination of the boundary of the

magnetosphere it is possible to select from the family of integral curves of

Fig.123cr of (6) a curve close to that selected by the authors of (6), but

with finite region of uncertainty near the poles.

We laid at the basis of the calculation performed the equality of the

dynamic pressure of solar wind to the transverse pressure of the magnetic field

at the boundary of the magnetosphere. The solar wind plasma is considered as

cold and devoid of proper magnetic field. Such a representation is apparently

valid for low and middle latitudes; in order to determine the boundary of the

manetosphere in the region of poles, it is necessary to take also into account

other effects, for here the dynamic pressure may result to be gear zero.

The arbitrariness of initial conditions for approximate calculations creates

a certain indefiniteness in the relation of the obtained R with the assumed 4.

However, the quantitaive results are quite trustworthy.

In this way, the inclination of the geomagnetic dipole may change the dis-

tance to the magnetosphere boundary by about 1 RE, whereupon this change takes

place as a function of latitude. The dependence on longitude, conditioned by

geomagnetic dipole inclination is absent in the near-equatorial regions by

mere physical considerations, while at other latitudes it has a form different

from that obtained experimentally in (13, 14). The field of universal anoma-

lies may affect the distance to magnetosphere boundary by several fractions of

the terrestiral radius, which cannot explain the results obtained in (13, 141

either. There must exist a mechanism enhancing the geomagnetic anomalies to

a significant effect at magnetosphere boundary.

The position of neutral points at various moment of UT may differ by 3°.

The magnetosphere tail's half-width for two hemispheres northern and southern-

may fluctuate within the limits of a few RE as a function of UT.

The author expresses his gratitude to Yu. D. Kalinin for his guidance in

the present work.

T H E E N D
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