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SUMMARY

The shape of the magnetosphere boundary is determined and the magnetic
field lines are computed within the framework of the 2-dipole approximation
model, taking into account the current sheet in the magnetosphere tail for
various parameters characterizing both the solar wind and the current sheet.

The remote regions of the magnetosphere from the daytime side are deter-
mined, in which the field intensity along the lines of force has respectively
two and three minima contrary to the :..gle one for the lines of force of
inner regions. Projections are presented of these regions on the equatorial
plane and on the Earth's surface.

THE TWO-DIPOLE APPROXIMATION. - We shall make use of the simplified

model of the magnetosphere [1, 2], of which the shape of the daytime boundary
and the magnetic field are determined with the help of two dipoles: the initial
dipole with the Earth's magnetic moment M = 8.06°10%° gauss-cm3 and the auxi-
liary dipole, imitating the perturbing action of the solar wind with the magne-
tic moment Mcp --J,3 M, located at a distance a from the initial dipcle from
the daytime side along the line Earth-Sun. The shape of the daytime boundary
of the magnetosphere and the perturbation field are therefore determined by

two parameters a and ji1, which may be appropriately selected from the compa-
rison of the magnetosphere boundary, obtained in the model, with the experiment-
ally found one. On the other hand, parameters a and ji1 may be linked with the

solar wind parameters, i. e. the dynamic P4 and hydrostatic pressure P.

(*) O STRUKTURE GEOMAGNITNGGO POLYA NA BOL'SHIKH RASSTOYANIYAKH OT
ZEMLI



A similar magnetosphere model was first considered in the work [3];
however, the value of the magnetic moment of the auxiliary dipole and its
range were chosen to a certain degree in a random fashion and corresponded
to values j1 = a = 28, for which the daytime boundary of the magnetosphere
was situated at a distance L, Vv 7.5 Rg. In the absence of current in the
neutral sheet of the magnetosphere tail, shose field we shall take into ac-
count below, the magnetosphere region in the two-dipole model occupies a
finite volume and is determined by assortment of field lines, closed on the
initial dipole M.

Let us consider the case when the Earth's dipole is oriented perpendi-
cularly to the direction of the solar wind [1, 2]. Then the field B in the
frontal point of the magnetosphere boundary will be

= 2fBy, (1)

where f is a numerical factor; is the field of the dipole M and is determi-
ned by the equality of the magnetic (B /8m) and dynamic gas pressure

Py = 2mv?N coszx,

n being the mass of the proton, v is the wind velocity, X is the angle between
V and the normal to magnetosphere surface, N is the number of particles in 1 em’.
The equality of pressures gives the geocentric distance to the frontal point

of the magnetosphere in Earth's radii

m( L2

where B, = 0.31 gauss is the field on the equator on the Earth's surface, nu-
mericallyacoinciding the the value of the magnetic moment M, expressed in
gauss *Rg~.

The approximation (4) presumes that the relation (1) between the limiting
value of the field B and the component along the boundary of the unperturbed
field By is fulfilled for all the points of the boundary with constant coeffi-
cient f. This allows us to determine analytically the equatorial and the me-
ridional cross-section of the magnetosphere [5, 6].

If we choose for the perturbed field B the sum uof the fields of the auxi-
liary and initial dipoles, we shall have at f = constant, from (1), for the
equatorial cross-section of the magnetosphere boundary the circumference

Pr=R, ji=j@2f—1)h, R= (r*4a2—2arcosA) (3)

where r is the radius-vector from the coordirite origin in which the dipole M
is placed R is the equatorial distance fror. the boundary to the dipole i, M,
A is the longitude. The radius of the circuvaference (3) is p = aj/(j2-1);
its center is shifted relative to the dipol : M toward the side opposite to
dipole Mcp, by the distance a/(j2—1). Hence there are three characteristic
distances L,, L,, L, from the center of the Earth to the corresponding day



morning (in the direction perpendicular to the line Earth - Sun) and night-
time magnetosphere boundary

Li=a/(i+1), Li=al(i—1), L= (Lily)"h=ai(*—1)"% (4)
Resolving relative to a and j, we have

L+ Ly (La/Ly)2 +1 20,2
— = ‘ =L V=L ———M,
oL WiLyi—1 U h=ho s (5)

In the approximation of [4], the value of Lj is evidently determined by
the hydrostatic pressure (since the dynamic pressure is absent on the night
side), 1. e.

Ly = L\(Pa/P)'h. (6)

Concomitantly with (2) and (4), Eq,(6) yields a single-valued determina-
tion of parameters a and j by solar wind parameters.

The shapz of the equatorial cross-section of the magnetosphere in the
two-dipole model {shifted circumference) coincides sufficiently well with
the shape of magnetosphere cross-section of [5, 6] in the approximation (1)
for the same parameters P4, P, as is shown by comparison in [1, 2]. However,
the approximation (1) is poorly fulfilled even for the equator. If on the
daytime side f v 1 (as for a plane boundary), on the night side f is closer
to the value f v 3/,(just as for a spherical surface with dipole at the cen-
ter of the sphere). For that reason, when determining a and j, it is better
to make use of the characteristic dimensions of L, and L, rather than of the
combination L, and L; . The more so, since in the presence of a current
sheet in the magnetosphere tail, the value of L loses all sense as an inde-
pendent characteristic.

Limiting ourselves to the first two harmonics of the expansion by L/a
of the perturbation field (L being the equatorial distance), we shall obtain
for the total field in the equatorial plame at f =1

B_M+aM 1 s A
_Z?'ZF( +BZ'—cos ) (7)
where

a=j/@G+1)?3 B=3/0+1). (8)

For example, at L, = 10, L, = 16, we shall obtain a = 33.3, j = 2.33,
a f 0.35, B = 0.90; at L, = 10, L, = 14, we shall obtain a = 40.8, j = 3.08,
a = 0.42, B = 0.74. Comparison with the model by Mead (7], for which L; = 10
L, = 14.5, while the numerical coefficients correspond to o = 0.8, B = 0.85,
we see that in the Mead model Bpractically coincides with its value in the
two-dipole model, and o is approximately two times greater. Basically, this
is the consequence of smaller dimensions of Mead's model magnetosphere in the
direction North-South. Note also that expansion (7) for the two-dipole model
is valid for greater L than in the Mead model, for in the latter the expansion
parameter is the quantity L/L, , which is substantially greater than L/a.



CURRENT FIELD IN THE TAIL'S NEUTRAL SHEET. Let us introduce a solar-
magnetospheric Cartesian system of coordinates in which the Earth is placed
at its origin, the axis x is directed at the Sun and the axis z - along the
magnetic moment of the Earth's projection on a plane perpendicular to x.

Let z be positive in the northerly direction; the axis y is then directed
toward the evening. At a sufficiently great distance from the Earth the neu-
tral sheet constitutes a plane parallel to the plane xy. In correspondence
with the observations of [8], the distance z; to the sheet may be described
by the empirical relation [9]

z, = C siny 9)

where Y is the geomagnetic latitude of the axis x (or the angle between the
dipole axis and axis z); C = 8 is a numerical factor.

The neutral sheet with constant surface current density Jp , directed
along the axis y will be chosen in the form of a plate z = z,; with coordina-
tes x7, yy, varying within the limits —y < yr < yun < rr < x4y (T4, 22, 2y are
negative quantities). Then the components of magnetic field intensity induced
by the plate at the point x, y, z, are

]r Ag'Az'.'
b= e
JT Y_Xg Y‘Xz Y+X2 Y+XI ( 10)
PIE 3 (U i TP i PO i SO i1}
T = arclg ZR,- arclyg an_+ arclg Zhy arcthR‘+

A# =Y+ R, R = [X2+ (V)2 4 22,
Xi=z—2zi, Ye=yty, Z=2—3 (i=1,2).

In spherical coordinates r, 6, A

B.r = By7sin 0 sin A + B, cos 0,
Bor = Bxrcos 0sin A — B;rsin 0, Bar = Byr cos A. (11)

Following are the cases that may be considered: 1) an infinitely extend-
ed plate in the direction y (y, = «) for finite x, and 2) an infinitely pro-
longed plate in the night time direction, with current (x; = - «) at finite y,;.
The first case is considered on the basis of the Mead model for the explana-
tion of the high-latitude boundary of trapped radiation [10] and the determji-
nation of the shape of the meridional (with respect to xz) cross-section of
magnetic drift shells at great geocentric distances [11]. The cases (2) is
apparently more realistic; its estimate is made in [12]. Alongside with the
current in the plate, the current closing it on the morning side along the
northern and southern cylindrical surface of the magnetosphere tail is also
taken into account in [12]. However, inasmuch as in our case the field per-
turbation by the outer magnetosphere boundary is fully accounted for by the
field Bop of the auxiliary dipole, the inclusion of the closing current is not
necessary.



SHAPE OF THE MAGNETOSPHERE AND OF THE FIELD LINES. The field intensity
is determined at any point of the magnetosphere by the sum of the fields

B = Bx + Ber + Br (12)

of the initial and auxiliary dipoles in a plate with current in the magneto-
sphere tail (10), (11). If we denote

B
VM=——r:—(cos()cosq)+sinﬂcosAsiu ¥), (13)
Vor e — jBor cos0
At (r* + a% — 2ar sin 0 cos A) ™ (14)

as the field potentials of respectively the initial and auxiliary dipoles,
then we shall have in spherical coordinates (assuming also j, = j, i. e. f = 1)

ov 1 oV
B~ 4 . gt O
ar +B,r, Be _— + Bor,
1 avV (15)
B = - — == °
& rsin® dA +Ban, V="Vu+Ver

In this way the field intensity at any point is found analytically.
For the determination of magnetic field lines we have the equations

ar B, de_iBo ﬂ_i Bi_
ds B' ds r B' ds rsin0 B’ (16)

where ds is an element of line of force length. Integration of system (16)
was performed on a BESM-4 and M-20 electronic computers by the Runge-Kutta
method with constant step, automatic selection of the step, with absolute and
relative precision on the step 10~% at automatic control of calculation cor-
rectness. The preliminary results of these calculations are brought out in
[13, 14]. Let us consider separately the two cases of dipole M, parallel to
and inclined to the axis z.

Case Mt4z. Plotted in Fig.la is magnetosphere cross section in the cen-
tral meridian plane xz in the absence of current in the magnetosphere tail
for parameter values a = 33.0, j3 = 12,7, Y = 0. The southern half of the
magnetosphere is symmetrical with respect to the northern half reiative to
the plane z = 0, The latitude of intersection with the Earth's surface and
the magnitude of field intensity in the minimum are indicated on the field
lines. The latitude of the point of the Earth's surface ¢ = 90°—6, in which
the field lines, departing into the tail and closing on the daytime side, are
separating, is ¢ v 80°. The midday boundary is at L, v 10.4. The field's
"neutral" point, where B¢y 4- By &~ 0, is determined by the coordinates rx = 1.2 L,
g¢x &~ 50°, The neutral point exists also in the Mead model [7]); however, as
a consequence of not taking into account the isotropic pressure component in
the solar wind, its coordinates are ry =~ 093 I,, ¢n = 70°. Here also the neutral
point is the results of summation of the fields of two dipoles, of which one
— the field of the auxiliary dipole — has no real sense beyond the magneto-
sphere.
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As in the Mead model, the magnetic field minimum for the lines of force
passing near the daytime boundary of the magnetosphere is not on the equator,

as is for less perturbed and deeper field lines, but is shifted toward higher
latitudes.

It is evident that part of the field lines closed on dipole M and passing
near the neutral point, do not really exist, for the magnetic pressure in the
minimum may result to be smaller than the gas pressure Pq + P. Since for the
extreme lines of force, closing on the daytime side, the minimum is attained
at the point where the tangent to the field line is directed nearly parallel-
wise to solar wind, the limiting factor here will be the isotropic part of
pressure P(Py Vv coszx, where X is the angle between the normal to magnetosphere
surface and the solar wind direction). One should think that in the vicinity
of the "funnel" formed by the lines of force departing to the daytime side and
into the tail, the isotropic pressure P of solar wind is, generally speaking,
greater than in other parts of the magnetosphere surface, for in the funnel,
open toward the side of solar wind, there takes place an additional decelera-
tion of the corpuscular flux. As to the field lines in the funnel that depart
into the tail, the field minimum in them is attained at a point where X is small.
This is why the existence of the extreme field line of the tail is determine
mainly by the pressure P, Since practically nothing is known there about the
real solar wind pressure in the vicinity of the funnel, one may conditionally
assume for the field lines bounding the magretosphere, those having at the
minimum an intensity B " 10 - 20 Y. Such also is the magnitude of field in-
tensity in remote regions of magnetosphere tail, being also determined by the
isotropic component of pressure P.
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Shown in Fig.10 is the cross-section along the central meridian of the
magnetosphere with current sheet in the tail. The plate has for parameters
z, = 0; Y, =% x; = —11; x, =—~51. The current Jr in the plate yields at
the plate the tangential component By = 2mJp/c = 16y. The neutral point of
the field, situated near the plate's edge x, , is projected along the field
line on the Earth's surface at latitute ¢, = 70.5° from the nighttime side.
The presence of current in the tail lowers the latitude of magnetosphere
boundary from the daytime side to ¢4 & 78°. Presented here also are the
lines of equal B (thin lines) and the line (strokes) passing through the
points of field minima on the lines of force. The line minima's intersection
witli axis x determines the line of force with equatorial distance L, limiting
the region of inner field lines with minimum on the equator.

An example of a magnetosphere with stronger current in the tail is shown
in Fig.l . Here z; = 0 y, = 20, x, =—7.1, x, ==57.1, B, = 45y, ¢ = 65° and
¢q = 76.5°.

The neutral point In the central meridian cross-section near xi belongs
to the netral line of the field lying in the plane xy. This line se.arates
the region of closed field lines from that of field lines departing into the
tail and proceeding either parallelwise to the current sheet, or undergoing
in it a sharp break. Alongside with the daytime boundary of the magnetosphere
the lines of force passing in the vicinity of the neutral point, bound the
region of closed field lines, which could be call the heart of the magnetosphe-
re. The remaining part is the tail of the magnetosphere. The projection of
heart's boundary on the Earth's surface yields the polar oval.

Figure 2 shows examples of the course of field intensity along the lines
of force departing from the Earth at various latitudes ¢ and longitudes A
(s being the line of force's arc counted from the geomagnetic equator in Earth's
radii, ro and A\, are respectively the geocentric distance and the longitude of
the point of intersection of the geomagnetic equator by the field lines).
The closer to the midday meridian, the wider the region in which the field mi-
nimum lies outside the equator. The lines of force of the heart (core) emer-
ging from Earth near the polar oval from the davtime siie, bave three field
minima: one on the equator and two at high latitudes both in northern and
southern hemispheres (Fig.2B). These lines of force deviate particularly
strongly to the night side, underpoing, as they drift away from Earth, an in-
flection by longitude (Fig.3a). A strong i~flection along longitude makes un-
derstandable the presence of three minima of field intensity along the lines
of force. Near Earth these lines have two minima at high latitudes, also cha-
racteristis of the frontal field lines, while as they get closer to the equa-
tor, they depart to the night side and have still one more minimum on the
equator characteristic of the lines of force from the night side (or for lines
in the depth of the magnetosphere).

The equatorial cross-sections of regions 1, 2, 3 of the core, character-
ized by the fact that in them the magnetic field lines have rrspectively 1,
2 and 3 minima of field intensity are represented in Fig.3a, where shown also
is the region of magnetosphere tail 4 with current sheet and the projection
of the near-boundary field lines of the core of the magnetosphere for the ,
case 16. Shown in Fig.35 is the polar oval and the projec.ion of these regions
field along the lines of force.on the Earth's surface. ¢_. and A_. are the geo-
magnetic polar angle and the longitude of field line intersection with the ground.
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11

Fig. 4e

THE CASE OF A DIPOLE OBLTOUF TO AXIS Z. It is evident that the two-
dipole approximation 1s in this case rougher than in the case considered above.
First of all the question arises about the disposition and orientation of the
auxiliary dipole, which would best correspond to the real case of initial di-
pole inclination to axis z when the solar wind is directed along the axis x.
The case Mcrtf M may be considered as generalization of the method of repre-
sentation for an ideally conducting plane: it may be seen from formulas (3)
and (4) that the field of the auxiliary dipole serves in the equatorial region
as an imaginary picture of the initial dipole field in a spherical mirror [1].
In the image method for the plane x = L, the imaginary dipole should be in-
clined in the opposite side at the same angle Y as for the initial dipole.

But for points outside the equator the image method for the spherical mirror
is not equivalent to the two-dipole app oximation, and the analogy could not
be propagated further.

c Taking account of the well known conditionality of the resulting pattern,
we shall admit that for not too great angles y the auxiliary dipole remains
as formerly (¢ = 0). The fact that this is not the best assumption, we may
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see, for example, from the limiting case ¥ = 90°: indeed, in the real case
there should obviously be axial symmetry relative to axis x, whereas here

the symmetry is only relative to the plane xz, this symmetry being absent
relative to the plane xy. We shall place the plate with current at the dis -
tance z = z;, in accord with formula (9). We shall neglect the current sheet's
inflection as it approaches the Earth, which obviously exists in reality.

P=345°
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Shown in Figures 4a,6,6 are the boundary of the magnetosphere and the
field lines in the central meridian plane for various inclination angles:
y = —5 —11, =345° (zy = 1.5, 2.2, (,2) respectively for parameters x,= -11,
X, = _51, yi =®

As may be seen from Fig.5, analogous tc Fig.2, but with increased in-
clination angle (Y =—5, —11, —34.5° respectively) the depth of one of
the field intensity minima along the field lines from region 2 decreases and
in the final count the minimum vanishes altogether. Here the arrow indicates
the position of the geomagnetic equator and 8. is the polar angle.
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