SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

A Study on the Generation of Field-Aligned
Current in the Magnetosphere

Itonaga, Masahiro
Faculty of Education, Yamaguchi University

Yoshikawa, Akimasa
Faculty of Sciences, Kyushu University

Yumoto, Kiyohumi
Faculty of Sciences, Kyushu University

Fujita, Shigeru

Meteorologlcal College

ftt

https://doi.org/10.5109/1546805

HARIEER @ N KERZIRIEZHTITILE : Series D, Earth and planetary sciences. 31 (1), pp.1-
9, 2000-12-25. Faculty of Science, Kyushu University
N—=2 3

HEFIBAMR

KYUSHU UNIVERSITY




Mem. Fac. Sci, Kyushu Univ,, Ser. D, Earth & Planet. Sci, Vol. XXXI, No. 1,
pp. 1-9, text-figs. 1-3, December 25, 2000

A Study on the Generation of Field-Aligned
Current in the Magnetosphere

M. ITONAGA*, A.YOSHIKAWA, K.YUMOTO, S.FujitA**, and HNAKATA™

Abstract

The field-aligned current (FAC) is a key element in the magnetosphere-ionosphere
coupling. A wave equation describing the generation of FAC in the magnetosphere has been
derived by ITONAGA et al. (2000). This equation presents a deep insight into the coupling of
the FAC with the inertial and diamagnetic currents associated with magnetosonic
disturbances via the effects of inhomogeneous medium and curvilinear magnetic field line.
It is assumed in the derivation of the wave equation that the flow velocity disappears in the
unperturbed state. Under the condition of u « V, where « is the magnitude of unperturbed
flow velocity and V the propagation speed of MHD disturbance, this assumption is valid. The
generation of quasi-oscillatory current wedge with a time scale of 1 to 2 min is discussed on
the basis of the wave equation.

1. Introduction

The field-aligned current (FAC) is a key element in the magnetosphere-ionosphere coupling and
the elucidation of its generation mechanism is one of the most important subjects in
magnetospheric physics. In the magnetohydrodynamic (MHD) limit, the FAC is not constrained by
dynamical conditions describing motion along the magnetic field line. That is, since the electron
parallel mobility is assumed to be infinite, the FAC is simply determined by a current closure
requirement that the divergence of current density vanishes everywhere. For most of theoretical
works on the FAC, such a requirement becomes the starting point along with the momentum
equation (Hasecawa and SATo, 1979; Sato and Iinma, 1979; SaTo, 1982; VASYLIUNAS, 1984; ITONAGA et al.,
2000). The divergence of the perpendicular current is divided apparently into a part associated with
the parallel component of vorticity of the plasma flow and other parts proportional to the inertial
and diamagnetic currents flowing perpendicularly to the magnetic field. HasEcawa and SaTo (1979)
put forward such an expression describing the generation of FACs during magnetospheric
substorms. The solar wind energy injected to the magnetotail is converted into plasma flow energy.
When the plasma flow meets the inner magnetosphere, a viscous interaction occurs and creates
time-increasing plasma flow vorticities. They found that the interaction produces FACs upward
and downward above the ionosphere in the pre-midnight and post-midnight sectors, respectively.
However, HasecawA and SATO s expression is valid only when the vorticity is everywhere parallel
to the magnetic field and such an assumption is generally quite unrealistic, as pointed out by
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VasyLIUNAS (1984). Further, the separation of the FAC into vorticity dependent and independent
parts in their expression is not unique.

Recently, ITONAGA ef al. (2000) derived a wave equation of a new kind describing the generation
of FAC in the magnetosphere. This equation presents a deep insight into the coupling of the FAC
with the inertial and diamagnetic currents associated with magnetosonic disturbances via the
effects of inhomogeneous medium and curvilinear magnetic field line. In the derivation of the wave
equation, they assumed that the flow velocity disappears in the unperturbed state. However, in
general, there exist plasma convections and flows in the magnetosphere. Then, one may doubt
whether such an assumption is valid. In the present paper we will examine the validity of the
assumption. We will also show that the wave equation derived by ITONAGA et al. (2000) has the
advantage of a linearized version of the expression put forward by Hasgcawa and Sato (1979).
Further, on the basis of the wave equation, we will discuss the formation of a quasi-oscillatory
current wedge at the braking point of high-speed ion flows pointed out by SHIOKAWA et al. (1997,
1998).

2. Validity of Zero Unperturbed Flow Velocity
ITONAGA et al. (2000) assumed that the flow velocity disappears in the unperturbed state.

Considering the magnetosphere to be filled with a warm magnetized plasma, we examine the
validity of this assumption. In the unperturbed state,

V- (puw) =0, (D
p(u-V)u=—Vp+jxB, (2)
V xE=0, (3)
VXB= 1,j, (4)
E+uxB=0 (5

hold in the magnetosphere, where p, u, E, B, j and p represent the unperturbed plasma density,
flow velocity, electric field, magnetic field, current density and plasma pressure, respectively.
Further, u,is the permeability of vacuum. Then, linearized equations become

20019 (psu) +V - (8pu) =0, )

p%ét—u—kp(u-V)Squp(Su-V)qu Spu-V)u=-VSEp+jxX §B+ §jxB, (7)
__aoB

VX SE=—"75", 8

V X 86B= 11, 8j, (9

SE+ SuxXB+uX §B=0 (10)

for the perturbation quantities which are denoted with the prefix &.
If the third term in the lefthand side of Eq. (6) can be neglected, the first and second terms must
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have magnitudes of the same order and so |8pl/p ~ 8u/V , where Su is the magnitude of Su and
V the propagation speed of MHD disturbance. When V4 and Vs represent the Alfvén and sound
speeds, respectvely, Vis of the order of V and/or Vs. Let u denote the magnitude of u. Then, since

‘V'(&)u)‘w I8p|_u_~l
V-(pbu)

u < Vis the condition to be capable of neglecting the third term.
Under the condition of « « V, only the first term survives in the lefthand side of Eq. (7), because

plu-V)Su u p(Su-V)u u Sp(u-V)u u\?

— |~ =<K —| < 5K — | < [ K
d8u v <b d8u ~V L, 9 Su N(V) 1.
P35 P73 Pt

where it is assumed that the characteristic length in spatial variation of the perturbation quantity
is smaller than that of the unperturbed one. From Eq. (2) we have

jlzé—QBx[p(u~V)u]+—Bl—2 BX Vp, (n
where the subscript _L stands for a vector component perpendicular to B and B is the magnitude of
B. Letting j_(Li) and jid) denote the first and second terms in the righthand side of Eq. (11),
respectively, we divide B into three parts, B®, B and BY | where Vx B® =0, (Vx B” )= Uy ji‘)
and (Vx B9 )= Uy jf). That is, B® is produced by any other unperturbed current than the
magnetospheric one, while B? (B?) arises from jﬁ) (jf)) and its associated FAC. Then, since

pu’ i

}p(u'V)u ~ 2L (75)2’

Vp

jﬁ) can be neglected as compared with jid) under the condition of u « Vs, meaning that the

magnitude of BY is much smaller than that of B Further, when V| p is parallel to V, pp, where g
= B%/2 uyis the unperturbed magnetic pressure, the FAC due to the divergence of j ¥ vanishes (or
\Y% -jf) = 0). Thus, under the condition of u« Vand V, p | V, pg, Eq. (7) leads to

D“‘“"aaélu:—V(S‘p-i‘jT)X 5B+ 6j ¥B, (12)

which has been used in ITONAGA et al. (2000). Further, B == B® +B can be represented in terms of
Euler potentials (STErN, 1967; SoutHwoop and KiveLson, 1991), although the divergence ofjji_) may
yield the FAC in the unperturbed state.

If the third term in the lefthand side of Eq. (10) can be neglected, the first and second terms
must have magnitudes of the same order and so 8§E ~ SuB, where OF is the magnitude of §E. On
the other hand, §E ~ V8B from Eq. (8), where 6B is the magnitude of &B. Then, we take §B/B ~
Su/V . Since

ust‘ _u 5B

U
SuxB SuB TV

u < Vis also the condition to be capable of neglecting the third term. Thus, under the condition of
u<V,Eq. (10) results in

SE.+ Su XB=0. (13
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In general, there exist plasma convections and flows (or u # () in the magnetosphere. However,
if u«V (u«Vy and u« Vs ), the assumption that the flow velocity u disappears in the unperturbed
state will be valid. Since the convective speed due to the Earth rotation is only 3 km/s or so even at
L = 6, the above condition will be sure to hold in the region of dipolar magnetic field relatively near
the Earth. In the distant magnetosphere, on the other hand, it is thought that the flow speed is
much larger than the convective speed. Then, the validity of the assumption must be carefully
examined in such a region. In the cold plasma limit, the condition of u « V (or u « V) means that j
little flows, that is, V x B = (.

3. Advantage of Wave Equation

On the basis of Egs. (8), (9), (12) and (13), ITONAGA et al. (2000) derived a wave equation

L e )] - e 2o
[t
7%61(% Vips + Sﬁ”)
%—g{EFVMSm—6w~ﬁﬂ (14

describing the generation of FAC in the magnetosphere, where &j; is the perturbation FAC and

5if = & Bx[p2%%, (15)
5iY = 32 BXVisp, (1)
i = LBxVp. (a7

The variable s is a distance measured along the magnetic field line and increases in the direction of
B. The subscript || stands for a scalar component parallel to B. Further, §pg = BB,/ 1 is the
perturbation magnetic pressure.

Equation (14) has four source terms. The first and second terms in the righthand side of Eq. (14)
indicate the effects of inhomogeneous Alfvén speed and curvilinear magnetic field line, respectively.
The second term vanishes in the case of straight field line or R; = ©© , where R denotes the radius
of curvature of the magnetic field line. When there exist the inhomogeneity of the Alfvén speed and
the curvature of the magnetic field line, the perturbation FAC &/, is produced by the
perpendicular perturbation inertial current 6jil) . On the other hand, the third term shows that &j
is caused by the perpendicular perturbation diamagnetic current 6jf) in case of the existence of
inhomogeneity of the unperturbed magnetic pressure. The generation of FAC via the third term
was investigated by SoutHwoop and KiverLson (1991) in a quite different form. Further, when the
perpendicular diamagnetic current flows in the unperturbed state, the perturbations of the
magnetic and plasma pressures bring about &j; , as seen from the fourth term. Figure 1 is a
schematic diagram for the generation of perturbation FAC. Here, 6j|(}i) and 5j|(|d) denote the
perturbation FACs due to the divergences of 6]’}? and éjf) - Sijf)/Zij respectively. The
perturbation FAC &j; consists of 8j§|i) and 6j§|d).
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Fig. 1. Schematic diagram for the generation of perturbation FAC. When the Alfvén speed is inhomogeneous
(V. v, #0) and the magnetic field line is curvilinear (Rc #c0 ), the perpendicular perturbation inertial
current 6j @ produces the perturbation FAC &;. When the unperturbed magnetic pressure is
inhomogeneous (V1 p, # (), the perpendicular perturbation diamagnetic current §j,(9 yields the
perturbation FAC &/ (®. When the perpendicular diamagnetic current j,@ flows in the unperturbed
state, the perturbations of the magnetic and plasma pressures (V,(6p,~ 6p) # () also bring about the
perturbation FAC &j (@. The perturbation FAC & consists of &j @ and &j (@ due to the
perpendicular perturbation inertial and diamagnetic currents.

Now, let us consider a linearized version of the expression put forward by HasEcawa and SATO

(1979). Since
. .0 . 1 .
8j.=8j0 + i ~ 5 Spajs

from Eq. (12), we have

o (Sjny L0 L@ 1 (@)
Ba—s (7) =—V8jL— V- (6JL _2_1786PBJL (18)

from V'8 =0. The divergence of & jf has a complex form. After some manipulations we can obtain

V-éjﬁ)z-—p—aa—t (§~BQ—") + other terms, (19

where 6Q = (VxG&u) is the parallel component of vorticity of the perturbation plasma flow. Other
terms in the righthand side of Eq. (19) depend on (Sjjl), (SjjfU and jf), and so their physical meanings
are not clear. On the other hand, the divergence of § jf) -6 pgjf/ZpB has a simple form:

. 1 . 1 . 1 .
V81t~ 8pail’ | = =5 Vs 611 =5 - Ve (Spa— 6p)- JY. (20)

The linearized version is given by Egs. (18), (19) and (20).
From Eq. (20) we take

,

RS (d)} ds
B 0 Lps

Vips: 83+ 55V (6pa— )+ i1 | 0 @D

where it is assumed that 6j§‘d) vanishes at the magnetic equator (s = (). If the distributions of &p and
Spp are known, 5j‘(|d) can be calculated directly using Eq. (21). Then, as far as thd) is concerned, the
use of Eq. (14) is not so much advantageous. However, since the first and second terms in the
righthand side of Eq. (14) have simple forms and their physical meanings are clear, Eq. (14) is much
more advantageous in considering &j ‘(f} than the expression directly derived from Eq. (19).
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4. Discussion

Equation (14) is a linear formula and so it cannot be applied to such a highly nonlinear process
as the formation of substorm current wedge with a time scale of about 30 to 60 min in the
magnetosphere. The nonlinear process is nowadays studied directly with numerical simulations
(e.g., TaNAKA, 1995). However, it is thought that some small-amplitude quasi-oscillatory currents
with time scales of about 1 to 2 min superposed on the large-amplitude slowly-varying wedge
current cause Pi 2 pulsations (LESTER et al., 1983; BaumjoHANN and GLASSMEIER, 1984; IToNAGA and
Yumoto, 1998). The cross-tail portion of the quasi-oscillatory current wedge generates a fast
magnetosonic wave. During its passage within the magnetosphere the magnetosonic wave excites
shear Alfvén waves owing to the effects of inhomogeneous medium and curvilinear magnetic field
line. Since the formation of quasi-oscillatory current wedge and the associated process have not
been yet simulated numerically, the use of Eq. (14) will be of great advantage to their theoretical
studies.

Recently, SHIOKAWA et al. (1997) studied braking mechanisms of high-speed ion flows in the
near-Earth central plasma sheet and suggested that the high-speed flows are braked at a clear
boundary between the regions of dipolar and tail-like magnetic fields in the plasma sheet. The
boundary corresponds to the inner edge of the neutral sheet. SHIOKAWA et al. (1998) have pointed
out that the dawnward inertial currents caused by the braking of ion flow and the pileup of
magnetic flux at the braking point can be a cause of the wedge current during the initial stage of
the substorm expansion phase. Then, we assume that the quasi-oscillatory current wedge as well
as the substorm current wedge is formed at the braking point (or the inner edge of the neutral
sheet). The slowly-varying wedge current can be regarded as an unperturbed current. However, it
should be noted that the existence of large-amplitude unperturbed FAC harms the effectiveness of
Eq. (12). Then, the application of Eq. (14) based on Eq. (12) to the formation of quasi-oscillatory
current wedge will be limited to the the initial stage of the substorm expansion phase.

Introducing Euler potentials ® and ¢ (STErRN, 1967; SoutHwoop and KiveLsoN, 1991), we represent
the ambient magnetic field with B = V& x V¢ . We can require V& - V¢ = () without loss of
generality. The Euler potentials ® and ¢ are constant along each magnetic field line and label the
meridional and longitudinal directions, respectively. Further, we introduce an orthogonal
coordinate system (®, ¢, x) based on the Euler potentials, where x varies along each magnetic
field line and increases in the direction of B. Figure 2 illustrates the orthogonal coordinate system.
The scale factors of ©,¢ and x are denoted by &, h; and 4, , respectively.

Fig. 2. Orthogonal coordinate system (®, @, x). The Euler potentials ® and ¢, which are constant along
each magnetic field line, label the meridional and longitudinal directions, repectively, while x varies
along each field line and increases in the direction of the ambient magnetic field B.
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Around the inner edge of the neutral sheet, the magnitude of the second term in the righthand
side of Eq. (14) would be at most of the order of that of the first one, because the ambient magnetic
field is approximately dipolar. If V, has a sharp gradient in the ® direction, the first term will dominate
over the second one (ITONAGA et al, 2000). Further, it would be reasonably expected that the
unperturbed diamagnetic current jf) is dawnward there as well as 9V;2 /@< and dpp/dd<0. It
should be noted that the first and second terms have the same sign because of dVZ/9®<( (ITONAGA
et al., 2000). Unless V, has a significant gradient in the ¢ direction,

(i)

1 9 a0V 1 1 W 1 08je
Va? as(VLVA 6“)_ Va2 ho 00 hy QX (22)

holds (ITONAGA et al., 2000). Then, the dawnward inertial current caused by the braking of high-
speed ion flow will hardly produce the perturbation FAC directly. However, the braking would
bring about an increase of the plasma pressure (6p > () around the inner edge of the neutral sheet
and the resultant plasma pressure gradient would accelerate the surrounding plasma. Then, 66u¢/ at
< because of d6p /d¢> 0 in the pre-midnight sector and d6u,/dt > 0 because of d6p /dp< 0 in
the post-midnight sector. This acceleration results in 6j£) such as 8jg) >0 and 8]'3? <0 in the pre-
and post-midnight sectors, respectively (see Eq. (15)). Since the gradient of V, lies primarily in the
® direction, the ® component of 6jji_) can produce &j effectively (see Eq. (22)). Further, VLVAZ- 6jii)
<0 and VLVAZ- 8j$)> 0 in the the pre- and post-midnight sectors, respectively, because of avAZ/ 5
< 0. Hence, the initial sense in flow direction of &j; due to the first term agrees with the sense of
FAC of the substorm current wedge. Figure 3 shows the generation of perturbation FAC due to the
braking of high-speed ion flow.

Va

Fig. 3. Generation of perturbation FAC due to the braking of high-speed ion flow. The braking brings about
an increase of the plasma pressure ( Sp > )) around the inner edge of the neutral sheet and the resultant
plasma pressure gradient accelerates the surrounding plasma. The acceleration of plasma results in the
perpendicular perturbation inertial current &j L(‘) and this current produces the perturbation FAC &/,
via the effects of inhomogeneous Alfvén speed and curvilinear magnetic field line.
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The third and fourth terms in the righthand side of Eq. (14) might also play important roles in
the generation of perturbation FAC around the inner edge of the neutral sheet. The gradient of 6p
causes 6jf) such as &; fbd) <fand & jfbd) > () in the pre- and post-midnight sectors, respectively (see
Eq. (16)). Since the gradient of pj also lies primarily in the ® direction and dpg/9® <0,V py & jj_d) >0
and V| py-6§¥ < 0 in the pre- and post-midnight sectors, respectively. Then, the initial sense in
flow direction of &; due to the third term is opposite to the sense of FAC of the substorm current
wedge. If the disturbance due to the braking of high-speed ion flow has a diamagnetic property, the
increase of plasma pressure will yield the decrease of magnetic pressure. Then, d6pg/d¢< 0 and
06 pp/d¢> 0 in the pre- and post-midnight sectors, respectively. Since jf) is dawnward, V, (&6pg -
Ep) i@ <0and V, (8py-8p)j? > 0in the pre- and post-midnight sectors, respectively. Hence,
the initial sense in flow direction of §j, due to the fourth term is in agreement with the sense of
FAC of the substorm current wedge. Thus, the third and fourth terms produce the perturbation
FACs with opposite initial senses in flow direction. In the case of B ~ 1, however, these terms have
magnitudes of the same order (ITONAGA et al, 2000), meaning that these terms cancel out each other.
Then, only the first and second terms could contribute to the generation of perturbation FAC.

The perturbation FACs caused by the braking of high-speed ion flow propagate along magnetic
field lines and reflect at the polar ionosphere. As a result, quasi-periodic field line oscillations of
shear Alfvén waves occur at auroral latitudes in the pre- and post-midnight sectors. The sense in
flow direction of the perturbation FAC associated with the field line oscillation in the pre-midnight
sector is opposite to that in the post-midnight sector. These perturbation FACs with opposite
senses are closed via the ionospheric and cross-tail perturbation currents. Thus, the quasi-
oscillatory current wedge with a time scale of 1 to 2 min will be generated and it will yield Pi 2
pulsations. In the present study it has been shown that the FAC of Pi 2 pulsation initially has the
same flow direction as that of the substorm current wedge. This is also supported by observations
(e.g., BAUMJOHANN and GLASSMEIER, 1984).
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