Space Physics (I) [AP-3044] Lecture 5 by Ling-Hsiao Lyu Oct. 2011

Lecture S. The Inner Magnetosphere

5.1. Co-rotating E-field

A magnetohydodynamic (MHD) plasma is a simplified plasma model at low-frequency and
long-wavelength limit. Consider time scale much longer than the Alfven wave traveling time
along the magnetic field line, we can assume that a magnetized plasma system satisfies the
MHD Ohm’s law, that is

E=-V§p=-V xB.

Thus, for the MHD plasma, both magnetic field lines and streamlines are equal potential lines.
Namely, if a perpendicular electric field (i.e., E-field which is perpendicular to the local
magnetic field) is generated at one end of the magnetic field line, an Alfevn wave will carry
this information and propagate along the magnetic field line to make the electric potential to be
constant along the magnetic field line. Likewise, the fast mode wave in the MHD plasma will
carry the electric field information along the streamlines to make the streamlines in the MHD

plasma to be equal-potential lines.

We are going to show in this section that if the magnetic field in the inner magnetosphere of
the Earth satisfies the dipole magnetic field model, then plasma confined by the dipole
magnetic field will co-rotate with the Earth due to the presence of a co-rotating electric field.
From the dipole field configuration, we can estimate the perpendicular electric field
distribution along the magnetic field line based on the electric field generated in the

ionosphere.
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Figure 5.1. A sketch of the separation distance between two magnetic field lines

along an L-value dipole magnetic field line.

The equation for dipole magnetic field line can be written as
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r=r_sin’ 6(r) (5.1)
eq

Figure 5.1 sketches the separation distance between two magnetic field lines along an L-value
dipole magnetic field line. The solid curve in Figure 5.1 is a dipole magnetic field line, which

passes magnetic equatorial plane at r,

=LR,. Let this L-value field (solid curve) pass

ionosphere at point (r,0) = (R ,0,,,). Eq. (5.1) yields

ono

R, =LR,sin’[6(r =R,)]= LR, sin” 6,

ono

or
Lsin’@, =1 (5.2)
Differentiating Eq. (5.2) once, it yields,
AL 2Asin,
—_— + - Lono o O

L sin@,,
or

2 .Y
AL — _L COS.HIOHO 910?10 (5.3)
sin 6,

The dash curve in Figure 5.1 is a dipole magnetic field line, which passes magnetic equatorial

plane at r, =(L+AL)R,, where AL<O. Let this field line pass ionosphere at

(r,0)=(R..0,,,, +A0,, ). The distance between the solid curve and the dash curve at the

wono ono

equatorial plane is

AS,, =—R,AL (54)

where AL <0. The distance between the solid curve and the dash curve in the ionosphere is
approximately

AS,,., =R.AO, (5.5)

Substituting Eq. (5.3) into Eq. (5.4) to eliminate AL, then substituting Eq. (5.5) into the

resulting equation to eliminate A8, , it yields
2 Cos 0 ono Aeiano 2 Cos eiono
ASeq = _REAL: _(_L . . )RE = 3,5 ASiuno
Sln 9i0n0 SIH 9[0”0
or
AS 2cos 6.
eq == . iono (56)
ASiorm sin einno
The electric field generated at the ionosphere is
Eiono = _Viona X B iono = _(wERE Sin Oiono é\)) X (_BO 2coseiono ? - BO Sin eiono é) (5 7)

= +éa)ERE sin@,, B,2cosh,, —Fw.R,sin’0,, B,

wono ono ono
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where . 1s the angular velocity of Earth rotating and B, is the strength of the dipole magnetic
field at the equator of Earth's surface as indicated in Figure 5.1. The potential jump between

the solid curve and the dash curve is

Ap=E, -(OAS, )=w,R,sin6, B,2cosh, AS. (5.8)

ono ono ono ono ono

Since the magnetic field lines are equal potential lines, the potential jump between the solid

curve and the dash curve can also be written as
Ap=E, " (=P)AS, .

1.e.,

E, = (-7

Ap
X3 (5.9)

Substituting Eq. (5.8) into Eq. (5.9) to eliminate A¢, and then substituting Eq. (5.6) into the

resulting equation to eliminate AS,,,/AS, , it yields

ono

2cos0.

o = (@R, sin 6, B 2cosb,,,) /(—9”’”0) (-#)w,R,B,sin* 0, (5.10)
Substituting Eq. (5.2) into Eq. (5.10) to eliminate sin* 0., ,ityields
~ R, B
qu:—r% (5.11)

The plasma flow velocity in the equatorial plane can be estimated from the EXB drift

velocity, i.e.,
E, xB W, R B,
V, = —t o () ) (- 3>/< L)’ = g0, R,L = pw
(B,,)
(5.12)

Namely, plasma at the equatorial plane moves at the same angular velocity as the solid Earth.
Electric field obtained in Eq. (5.11) is called the co-rotating E-field in the inner

magnetosphere.

Exercise 5.1

It has been shown in this Lecture that the co-rotating electric field in the Earth's inner
magnetosphere is perpendicular to the local magnetic field and is characterized by a negative
radial component. Show that the co-rotating electric field in the Jovian magnetosphere is

perpendicular to the local magnetic field and is characterized by a positive radial component.
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5.2. Plasmasphere, Plasmapause, and Alfven Layer
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Figure 5.2.
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Figure 5.3. Bounce motion (or mirror motion)

Figure 5.4. Grad-B drift and curvature drift motion
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5.3. Radiation Belts and Ring Current
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