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Abstract

An investigation on microinstabilities in a fieId-reversed

plasma is performed by using a 2-D magnetostatic particle code.

The reversed magnetic field is maintained by both the electron

and ion diamagnetic currents, and the ion temperature is assumed

to be higher than the electron temperature with a view of apply-

ing to the magnetosphere. It is observed that a flute insta-

bility occurs in local regions with steep density gradient off

the neutral sheet; its frequency is approximately the lower-

hybrid frequency and the wavelength is near the electron Larmor

radius. The observed dispersion relation suggests that the

instability must be the lower-hybrid-drift instability (LHDI).

The initial laminar diamagnetic current is rapidly disturbed to

form E x B electron vortices, with simultaneous electron and

ion acceleration in the neutral sheet. On the neutral line

where the plasma Beta is extremely large, an unstable electro-

magnetic mode is observed to develop after the LHDI saturates;



accordingly, the magnetic neutral line is deformed into a

meandering structure. Anomalous resistivity and anomalous

plasma transport are observed associated with the develop-

ment of the LHDI; even on the neutral line there exists a

small but finite resistivity which is attributed to the

unstable magnetic mode. It is found that the resistivity n

1 9increases as n a(V,./v,, .) " , where V,. is the diamagnetic

drift speed of ions and v , . is the ion thermal speed; the

resistivity increases as T./T (>1) increases. Significant

heating is also observed aronud the neutral line, which can

be ascribed to the energy conversion from the magnetic

field energy via the induced electric field.



1. INTRODUCTION

Anomalous resistivity often plays the key role in the energy

conversion process in the solar-terrestrial plasma medium. In fact,

it is said that magnetic reconnection would lead to an explosive

energy release, such as magnetospheric substorms and solar flares,

in conjunction with the occurrence of anomalous resistivity. In

this respect, the MHD simulations by Sato and his colleagues

[Hayashi and Sato, 1978; Sato et al., 1979; Sato and Hayashi, 1979;

Sato, 1979] adopted a model anomalous resistivity which was pro-

portional to the square of the diamagnetic drift current based on

the quasilinear theory of the lower-hybrid-drift instability (LHDI)

[Davidson and Gladd, 1975; Huba et al., 1978]. In this paper we

wish to study the anomalous resistivity near the neutral sheet

by means of particle simulations.

In the plasma sheet where the ion temperature is higher than

the electron temperature, the ion acoustic instability and electro-

static ion cyclotron instability are unlikely to occur. Neither

can Buneman instability be expected to occur because the electron

drift speed is much lower than the electron thermal speed. In the

meantime, the lower-hybrid-drift wave that propagates in the

direction of drift current has attracted attention in nuclear

fusion experiments. The possibility of the LHD instability and

associated anomalous resistivity was first pointed out for the

pinch device by Krall and Liewer [1971]. Afterwards, Huba et al.

[1978] indicated that the LHDI could take place in the magnetos-

pheric plasma sheet in view of the satellite observation of



IMP 8 [Gurnett et al., 1976]. Recent observations by ISEE 1

and 2 [Gurnett et al., 1979] have shown a more profound evidence

of the existence of LHDI at the magnetopause.

A particle simulation of the LHDI was conducted first by

Winske and Liewer [1978], where the cross field current was

provided by the electron E * B drift. In the magnetospheric

plasma sheet, however, the primary source of the cross-tail

(neutral sheet) current is the diamagnetic drift current because

of high Beta condition. In this paper we present the results of

two-dimensional magnetostatic particle simulations on micro-

instabilities in the plasma sheet where the diamagnetic drift

current maintains the reversed magnetic field, with particular

emphasis on anomalous resistivity, particle transport, heating

and acceleration. In Sec. 2, the model of the magnetosphere,

the simulation procedure and parameters are presented. Simulation

results are described in Sec. 3, where a large resistivity

sufficient to support the explosive onset of resistive MHD re-

connection is observed. Application to the magnetosphere is

discussed in Sec. 4. A summary is included in Sec. 4.



2. MODEL, METHOD AND PARAMETERS

The magnetospheric plasma sheet beyond 15 R (earth radii)

may be characterized by a reversed field structure (sun-and

antisun-ward magnetic fields) which are primarily maintained

by the westward cross-tail current. The plasma is high-B and

the ion temperature is higher than the electron temperature.

In the normal state, no north-south electric field is supposed to

exist and the cross-tail current is considered to be provided

mainly by the diamagnetic drifts of electrons and ions.

In order to study the instability and the anomalous resistivity

in the configuration stated above, we performed a two-dimensional

particle simulation in the plane perpendicular to the magnetic

field by using a radiation-free electromagnetic code [Busnardo-

Neto et al., 1977]. A slab model is adopted; the initial density,

current and magnetic field vary in the x-direction, but they are

uniform in the y-direciton. The initial current flows in the

negative y-direction, and the magnetic field is perpendicular

to the simulation plane (x,y) as shown in Figure 1. No electric

field exists initially. The simulation plasma is bounded by

conductor plates placed at x = 0 and L , and is periodic in the
X

y-direction. In our simulaiton, the Harris equilibrium solution

[Harris, 1962] provides the initial configuration in which the

distribution functions of electrons and ions are described by

drifting-Maxwellian with uniform drift speeds V,.:

n (x) , , 2

f (x,v) = - L - exp [- -j±- (v; + (v - V ) )],

th] thj



2
where v , • = 2T./m- is the thermal speed of the j-th species.
Electron and ion density and the magnetic field are given by

sech [ (x - 2"L

B(x) = BQ tanh [ [x - \

cT
where the relations n.(T + T.) = B't/Sv, L = -~ /J2Tmne (T + T.)

u e 1 u D rio u e i

hold among the peak density n , the magnetic field outside the

sheet B , the drift speed V, , and the electron and ion temperature
T and T.. Also a relation V, /T = - V,./T. must hold in order
e I de e di I

that the electric field may vanish everywhere.

The system sizes of our simulaitons are L = 64A and L =

32, 64 and 128A in the x and y direction where A is the cell size.

The distance is normalized by the cell size A, the time is normalized

by w . The magneitc and electric fields are normalized respectively,

/s 2 ^ 2
as B = m co) B/eAt, E = m Aw E/eAt . Here u is the electrone pe e pe pe

plasma frequency of the average density, c is the speed of light,

and m and e are electronic mass and charge, respectively.

The time step of At = 0.2 is used throughout the simulation,

^he average electron density was about 10 particles per cell

and the electron Debye length A corresponding to the average

density was about 1.6A . Thus the Debye length at the density

peak remained ^n/A ,> 1 throughout the calculation, indicating

that the numerical grid instability would have been avoided.

Since the plasma paramenter g = l/n(XD) £ 1/25 and the size

of a super-particle was a ^ X , the Coulomb collision frequency



IT - 4 - 1

was v ,/« ^ . 6 f (a/A ) <v 4 * 10 , N = irg [Okuda and

Birdsall, 1970], wnich adequately at-.sured a collisionless plasma

condition up to ui t < 2500. The equation of motion was solved

without any approximation for both electrons and ions, and the

Buneman method was adopted in the time integration.

More than ten runs have been performed for different para-

meter sets, and the representative runs are listed in Table 1.

The characteristic length of the magnetic field L are chosen to

be Ln = 1/4 L or 1/6 L . The ion Larmor radius rT. and L

satisfy the relation — rT.j/LB = Vd'^vthi* T h e r a t i o o f t h e

ion drift speed to the ion thermal speed and the ratio of the

ion to the electron temperature are chosen so as to be V,./v .
» 1, T. S 2T , hence L a r .. Reduced mass ratio m./m =

l e a Lii i G

10 ^200 and the frequency ratio u /w ^.1 are used to save

the CPU time.



3. RESULTS

(1) General Features

To begin with, we have examined the stability of the initial

Harris solution. In one dimensional simulation (where k = 0),

no instability was observed, and the initial density and current

profiles did not change up to to t Si 700, while only the magnetic

field profiles showed a slight oscillation around the initial

profile. In the following, we show the results of 2-D simulations.

The sequential plots of the three field quantities for Run A

are shown in nine panels in Figure 2; the equipotential contours

of the electric field and the magnetic flux surfaces are shown

in Figure 2-a and 2-b, respectively. The vectors in Figure 2-c

stand for the electron flow velocity v which is averaged over

electrons around each observation point. The left, center and

right panels, respectively, correspond roughly to the linear

phase, the nonlinear phase, and the saturation phase of the

instability.

The scalar potential on the left side of Figure 2-a corres-

ponds to a linear phase at a) t = 208. It is seen in the figure

that n = 5 Fourier mode is dominating in regions with steep

density gradient, i.e. at x = 1/4 L and 3/4 L . In these

regions, the magnitude of the transverse electric field is

smaller by one or two orders than that of the longitudinal electric

field; correspondingly electron trajectories are almost parallel

to the potential contours, as can be seen by comparing Figure

2-a and 2-c. The growing mode moves to the direction of ion



drift with phase speed v , ~ V,. +0.53 vt, . (V,. < 0). The
ph di thi di

time development of the Fourier amplitudes of the (total) electric

field at two locations are shown in Figure 3, i.e., at x =
3/4 L and x = 1/2 L . In the region with steep density gradientx x

(x = 3/4 L ), unstable modes start growing after experiencing

the first saturation, and saturate at about w t ~ 330. The

magnetic field perturbation (Figure 2-b) also indicates the pre-

dominance of the n = 5 mode. The peak amplitudes of the electric

field E and the magnetic field B of the n = 5 mode at x =

3/4 L are 0.24 and 0.22 (normalized by /8irn.T.), respectively.

The corresponding transverse electric field E T is 2.6 x 10

(normalized by /JhrnTrT), so that the electromagnetic contribution

to the LHDI turns out to be about 10 % of the electrostatic

component. One can see, by comparing three panels of Figure 2-a,

that the scalar potential peaks are moving away from the neutral

sheet with time.

At an early time, a weak electrostatic instability is seen

on the neutral line, which saturates at u t 2z 250. However,
pe

the saturation amplitude of the electric field of this mode is

about one quarter of the saturation amplitudes at x = 1/4 L
X

and 3/4 L , as shown in Figure 3-a and b. After u t ~ 250,x pe

many Foureir modes are excited and mixed up in the neutral sheet.

It is interesting to observe an organized meandering electron

flow at u t x. 336 on the neutral line (Figure 2-c) . The magnetic

flux surfaces in Figure 2-b (rightmost panel) show the existence

of an unstable electromagnetic mode with wavenumber n = 3 which

is longer than that of the LHDI. The peak amplitude of the

9



magnetic field perturbation at x = 1/2 L is B //8imnT. % 1.1,
X Z U 1

with corresponding transverse electric field E //87m..T. -v O.il.

This electromagnetic mode is not accompanied by large electro-

static field in contrast to the instability at x = 1/4 L or
3/4

It is noted that at at t > 272 when the nonlinear effects
pe ^

become important, high density electron "tongues" expand out from

the plasma sheet; the number of tongues is the same as the wavenumber

of the most unstable mode. As shown by arrows in Figure 2-c,

the E x B electron current vortices are detached from the neutral

sheet current and closed on the tongues. These detached motions

result in the outward electron transport, the ions thereby being

dragged outwards by the ambipolar electric field.

The dispersion relation of the unstable modes at x = 3/4 L

is shown with filled circles in Figure 4. The relation is measured

from the phase variation of the Fourier amplitudes of the electric

field at m t = 250 ̂  300. For example, the measured frequency

of the n = 5 Fourier mode was w + iy = 0.14 + 0.013i. By the

solid curves plotted is the dispersion relation of the lower-

hybrid-drift instability [Huba et al., 1978]. The mode with

the maximum growth rate satisfies k r ~ 0.6 (Run A), therefore,
y Lie

its wavelength is of the order of the electron armor radius,

which is consistent with the linear theory.

In Figure 4 also plotted with the hollow circles is the

dispersion relation for the magnetic mode observed at the center

of the neutral sheet (x = 1/2 L ). It is obvious that this

mode is not the LHDI. The phase speed of this electromagnetic

10



mode is v , c 0.6 V,., and the growth rate of n = 3 mode (normar-ph di ^ y

lized by the real frequency ) is y/to~O.37.

The parametric dependence of the measured frequencies

and growth rates on the ratio of the drift speed of ions to

the ion thermal speed V,./v . for the LHD mode is plotted in

Figure 5. The real frequency of the unstable LHD wave (normalized

by the lower-hybrid frequency w ) is proportional to the velocity
LiXi

ratio, and the growth rate (normalized by "_.„) increases in pro-

portion to the square of the velocity ratio in the range where

V, •/v.,- ,< 2. These measurements are fairly in good agreement with

the electromagnetic linear theory of the LHDI [Huha et al., 1978]

which is shown by the solid curves in Figure 5. The dependence

of the growth rate on the ratio of the ion temperature to the

electron temperature T./T is shown in Table 2. Run G which
l e

corresponds to T./T = 5 was carried out with vJ•/ v
tu•

 = 2,

so that the grwoth rate was corrected to the value of V,./v.j. -»• 1

by assuming the dependence shown in Figure 5-b. The growth

rate appears to increase slowly in the range of T./T > 1.

The spatial distributions of the energy denisty of the
2

fluctuation magnetic field £„ = 6Brj/8iT and electric field e_ =
a L Ci

o
5E /8tr are shown in Figure 6 for different times. The electric

field develops at local regions with steep density gradient

(x = 1/4 L and 3/4 L ), but it is small on the neutral line.
X X

On the other hand, the magnetic fluctuation develops in the region

centered at the neutral line where the plasma Beta is extremely

high. The peak value of the electric fluctuation appears around

a) t Si 330, whereas the peak of the magnetic fluctuation appears

11



with substantial delay, i.e., at W D t » 460. The magnitude of

£„ at its peak becomes comparable to the ion thermal energy

density nT., and the ratio of E /E at x = 1/2 L reaches 1.1 x

102 at u t = 460.pe

During the development of the LHD instability, a sudden decrease

in the cross-tail current j is observed in the regions where unstable

waves have large amplitudes. We show in Figure 7 the temporal

change of the electron drift speed relative to the ion (v - v. )

at three different places. Current decrease begins first at x =

5/8 L in Figure 7, and more than 70% decrease in the relative

drift velocity is detected. Current decrease at x = 3/4 L is

delayed some time because the instability develops first at

x = 5/8 L and moves outward to x = 3/4 L . The state with the

reduced constant current lasts as long as the fluctuation electric

field (see also Figure 3-a) maintains its large amplitude.

The decrease in the cross-tail current has a good correlation

with the occurrence of anomalous resistivity which will be discus-

sed in the next sub-section (see Figure 10). This decrease

in the cross-tail current is almost attributed to the change in

the electron trajectories. As shown in Figure 2-c, electrons

undergo the E x B drift motion under the action of the electric

field E_ produced by the LHD instability. This is because the

frequency u of the LHDI satisfies u . < w << w where to . is
ci ce cj

the cyclotron frequency of j- th species. On the contray, ions

do not make E x B motion as do the electrons. Instead, ion

suffer significant trapping by the electric field generated

by the inscability. The change in the ion distribution function

12



takes place in the positive slope region |v | < ~V,^(V,. < 0)

where the LHD waves are excited. At the fully developed phase

of the LHDI ( u t = 336) , the scalar potential e<J) becomes

1 2

comparable to the ion drift energy : e<|)/ ̂m. (V,. - v , ) ̂  1.0.

Therefore, the ion trapping is considered to be the prime

saturation mechanism of the LHD iistability at least for the

high ion drift speed regime V,./v,, . > 1, as was observed by

Winske [1978], As time elapses, trapped ions are detrapped,

consequently, the density distribution along the y-direction

is smoothened.

At u> t > 500, the electromagnetic mode with n = 3

inversely cascaded toward n = 2 mode (Figure 3c), and the

meandering width of electrons at the neutral line becomes in

excess of the characteristic length of the initial profile L_.

The diffusion of the electron density, the current and

the magnetic field profiles averaged over the range 0 _< y <_ L

are shown in Figure 8. At w t = 208, these profiles are

almost the same as the initial ones. However, at to t = 272

when the LHDI is well developed, current reduction is clearly

observed in local regions with steep density gradient, in con-

trast to electron and ion acceleration on the neutral line.

rL
x

The total current content dx j (x,t) becomes smaller than
J0 Y

the initial value, hence, a decrease of the magnetic field gap

|B^(X = L ) - B (x = 0) | is observed. The flattening in the

electron density is also observed on both sides of the neutral

sheet, where the LHDI has large amplitude. At w t = 336, the

density is observed to diffuse and spread over the whole plasma

sheet with diminished density at the center of the neutral sheet.

13



(2) Anomalous resistivity

Anomalous resistivity is naturally related to the generation

of turbulence (i.e. electron vortex motion) produced by the

instability. The equivalent collision frequency and anomalous

resistivity across the ambient magnetic field may be defined as

[Appendix]:

" Vey>'

nan

where e, m and n are the electron charge, the mass and the

density, respectively, and v. , v are the drift speeds of

ions and electrons in the y-direction, respectively. The

maximum value of the resistivity according to Eq.(1) becomes

as large as n/ri = 1.2 x 10 for Run A where n_ = 4TT/U

The quasilinear theory [Davidson, 1975] gives the resistivity as:

;;ky(v;; -

£ _ " - V i y
 + fir

2
where eE = 6E /8ir. is the energy density of the fluctuation

electric field. The theoretical resistivity is estimated to be

n /ru = 1.0 x 10 when we substitute the measured values such

e , (u, k ), v. - v ,

the measured resistivity is in good agreement with the quasilinear

14



resistivity. Note further that the measured resistivity is

proportional to the energy density of the fluctuation electric

field (Figure 9a), as is expected from Eq. (2).

The time development and spatial dependence of the equivalent

collision frequency are shown in Figure 10. At an early stage,

resistivity appears at the inner edge of the steep density

gradient (at x = 5/8 L in Figure 10) associated with the LHD

instability. The peaks of the enhanced resistivity move away

from the neutral sheet along with the motion of the scalar

potential peaks. When we fix our eyes on a fixed spatial

point, resistivity increases as the unstable wave develops,

and it becomes maximum near the saturation time of the instability.

At the center of the neutral sheet (at xi=:l/2 L ) , resistivity

increases gradually associated with the development of the

electromagnetic mode. It is to be noted that there exists a

small but finite anomalous resistivity even on the neutral line.

Since the anomalous resistivity is closely related to the

amplitude of the electric field fluctuations, we shall examine

the saturation amplitude. The energy density of the electric

field fluctuation for x = 3/4 L at its saturation is shown

in Figure 9-b. To eliminate the effects of the mass ratio

m./m and the frequency ratio u /a) for different runs,
mi 2 2 ce pe

the factor —(1 + u /w ) is multiplied to £„ = <5E /8TT.
m pe ce & y

The solid line in Figure 9-b corresponds to the free energy,

i . e . 2( 1 + UpeA>ce)eE = f"nltl
e

 (Vdi " Vde)2> T h e f r e e e n e r 9 v

is almost completely consumed by unstable waves when the ion

speed is Vj j /^hi ^ 3 - O n t h e other hand, there is much free

15



energy left when the ion drift speed is relatively low. The

saturation energy density of the electric field normalized by

the ion thermal energy density can be expressed in the following

empirical formula:

2
m. u e V5r f nf: ^r7
e • (0 1 thice

Examination of the dependence of e_ en the ratio of the ion

temperature to the electron temperature T./T shows that when

T./T > 1, the saturation electric field energy e /nT. increases

as T./T increases. When T./T.<1, the instability is weak so that
X 6 X 6

it is hard to derive a clear dependence.

Thus, with the help of the empirical formula (3), the

anomalous resistivity may be expressed by

vthe ,eE

dUce nTi

§ 1 f 0.1 J^) 1- 9, (4)s f 0.1 J
•2(1 + Te/Ti) ̂ e thi

where we have used k r ^ /2(T /T.) '. and imf^Z] 'v- 1 for

V-./v . ̂  1. For instance, if T. = 2T , the resistivity becomes

pe

which has essentially the same functional form as the theoretical

one derived by Davidson for V,./v., . << 1 [1975].
di thi

16



(3) Acceleration, Heating and Transport

It is interesting to observe that while electrons are

decelerated in the region with steep density gradient where

the LHDI is most unstable, both electrons and ions are accelerated

near the neutral sheet where no significant LHDI takes place

(Figure 7). The acceleration at the neutral sheet can be

explained as follows: Because of the electron deceleration in

the regions off the neutral sheet, the total neutral sheet

current tends to be reduced, hence, the reversed field main-

tained by the neutral sheet current tends to be locally reduced.

This temporal change in the magnetic field induces the transverse

electric field which should be in the same direction as the

original neutral sheet current, namely, in the negative y direc-

tion. From the reversed field geometry the transverse electric

field E_ is supposed to be concentrated at the neutral sheet.

The transverse electric field thus produced, as a matter of

fact, accelerates electrons in the positive y direction and

ions in the negative y direction, hence, the electric current

is intensified at the neutral sheet so as to prohibit the

total current reduction.

Figure 11 shows the spatial variation of the electron

temperature T (x) at different times. At w t = 200 the electron

temperature begins to increase near the neutral line (x = 3/8,

5/8 L ), while the temperature at x = 1/4 L and 3/4 L begins
X X X

to decrease down to 70 or 80 % of the initial temperature.

It is observed that the Poynting energy flux points toward the

center of the neutral sheet on the both sides of the neutral

17



line. This supports the energy accumulation at the center of

the neutral sheet. At u t = 272, there is a energy deposition

of 1.3 x 10~ nT.. per a>~ at x = — L (i.e. 2.1 x 1C" nl

and a energy removal of 1 x 10 nT.n per w at x = 1/4 L
X \J P^ ^

or 3/4 L , which coincides with the increase in the electron

thermal energy plus the fluctuation field energy e on the
neutral line:3/3t EL ̂ 9.6 x 10~2nT. n_i and 3/3t n(T + T ) %_> iu j_n ex sy

-2
8.5 x 10 nT. „«.,.„ at x - 1/2 L . The region of electron

1U _iH X

heating is observed to spread outward as time elapses.

The electron heating rates along the x and y direction
1 3 T _•>

measured at x = 1/2 L are 7=— -. e x a. 9.2 x 10 "w-.. and
srr x T

e0
 3t LH

=F ~f̂  1. 7.8 x 10 wTtJ averaged over w t = 200 - 500.
x o t ±tti pe

eo r

The x-temperature T is always higher than the y-temperature

T . The heating rate at x = 3/4 L in the same period is
1 3Tev -2= 5^- % 3.7 x 10 (oTtr, and T -v T in this region.

1 0, Jjri S X GV
eo t •*

Electron heating takes place during the instability. The ion
heating is different from the electron heating. The increase

in T. at x = 1/2 L starts at u t ~ 250; however, it is nearly
xy x P^

compensated by the decrease in T. , and the ion heating rate

is -=i in (T. + T. )=; 2.2 x 10"3u)Tnatx= .1/2 L , which is
nTio 3t Z 1 X l y L H X

by one order of magnitude smaller than the electron heating rate.

The anomalous heating rate due to the micro-instability

can be estimated as the ohmic heating due to the anomalous

resistivity discussed in the previous sub-section. The ohmic
2 —2heating is estimated to be nj ^ 6.8 x 10 nT nuTtI at x = 1/2 L ,eu j_n x

which roughly explains the measured electron heating:

•-!• in(T + T ) 3J 8.5 x 10~2nT -<_-„.3t 2 v ex ey ~ eO LH

18



Let us comment on the energy conversion. At the initial

state of Run A, the energy partition among IB /8TT, w and w.

were 22.5 %, 3.7 % and 73.8 %, respectively, where w. is the

kinetic energy of j-th species (electrons or ions). The

electron drift energy was about 5 % of the total kinetic energy.

After the onset of the nonlinear phase of the LHD instability,

the total magnetic field energy began to decrease and the kinetic

energy (especially of electrcas) started increasing. The

increase in the kinetic energy was almost equal to the increase

in the electron thermal energy. At the end of the run, the

energy partition among EB /8IT, w and w. became 14,7 %, 10.1 %

and 75.1 %, respectively. Incidentally, the longitudinal

(i.e. electrostatic) electric field energy was 0.3 % of the

total energy and the transverse (i.e induced) electric field

energy was 0.01 % of the total energy at their maximum. Error

of the total energy of the system was 1.2 % at most. With the

view of supporting the importance of the transverse electric

field in the energy conversion process, we have m.ade a run by

artificially eliminating the transverse electric field. Then

no significant heating is observed, as is naturally expected.

Finally, we note that while the average plasma beta 0 = 8TT n

(T. +T )/2B was 3.5 in the initial stage, it increased up to

5.8 at the end of run.

It may also be interesting to note that, associated with

the generation of electron vortex motions, electrons ( and

ambipolar ions) are convected away from the neutral line.

The average speed is measured to be <v > K. 8 x 10~ u A or3 ex pe

19



<v > '- 1.3 u A for a) t = 272 - 336 of Run A. Thus, it is
ex LH pe

said that particles traverse over the characteristic distance

of the neutral sheet (L cs 10A) during the instability expansion.
B

20



4. SUMMARY AND DISCUSSION

In the present paper, we have examined micro-instabilities

in a plasma with a reversed magnetic field which is maintained

by both the electron and ion diamagnetic currents. Two types

of instabilities are observed in the plane perpendicular to the

magnetic field in the neutral sheet; one is associated with the

density gradient existing off the neutral line and the other

occurs at the center of the neutral line.

4.1 Lower hybrid drift instability

(1) In the region where a steep density gradient is present

with r < (31nn/3x) < rT. where r . is the Larmor radius of
LiQ L i l J_i ̂3

the j-th species, it is observed that the lower-hybrid-drift

instability (LHDI) is excited. The LHDI is essentially electro-

static; its frequency is near the lower-hybrid frequency wT
ULH

M .//l + (w /a) ) and the wavelength is of the order of the

electron Larmor radius; its phase velocity v , lies in the range

0 < |v . | < - V .(V,. < 0) where the slope of the ion distribution

function is positive.

(2) A rapid current decrease takes place in coincidence with

the nonlinear phase of the LHDI. The electron motion is largely

disturbed by the electric field produced by the LHDI and undergoes

the E x; B vortex motion, while the ion current does not change

significantly because of the large mass.

(3) Anomalous resistivity is observed associated with the LHDI.

1 9It is found that the resistivity 1 increases as n <*(V,./v .) *
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where V,. is the drift speed of ions and v . . is the ion thermal

speed; it is also found that the resistivity increases as

T./T (>1) increases. The measured resistivity agrees quite well with

the quasilinear resistivity.

(4) Outward particle transport is also observed associated with

the LHDI. Anomalous friction due to the instability acts as an

equivalent dc electric field in the direction opposite to the

current direction, hence the electric field drives electrons in

the direction away from the neutral line by the E x IJ force,

thereby ions are also dragged in the same direction by the

ambipolar electric field.

(5) Ion trapping turns out to be the saturation mechanism of

the LHDI at least when the ion drift speed exceeds the ion thermal

speed.

4.2 Electromagnetic mode instability

(1) Another remarkable and important observation is the fact

that an unstable electromagnetic mode is excited in the central

region of the neutral sheet after the LHD instability has

sufficiently developed. This mode moves with a phase velocity

v . ^ 0.6 V,.; its wavelength A is larger than that of the LHDI

and A ̂ /L r , where L is the characteristic width of the sheet

and rT is the electron Larmor radius outside the neutral sheet.Le

It is important to note that a small but finite anomalous

resistivity is associated with the unstable electromagnetic mode.

(2) Acceleration of both electrons and ions takes place at the

same time when the current decrease is observed in the region
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off the neutral line due to the LHDI. The acceleration can be

attributed to the spatial dc component of the induced electric

field, which is produced by the magnetic flux decrease due to

the current decrease associated with the LHD instability.

(3) Significant heating (especially of electrons) is observed.

It is a consequence of energy release of the magnetic field

energy via the induced electric field.

(4) Expansion of the neutral sheet is observed with the develop-

ment of the electromagnetic mode. As a result of both instabilities,

the plasma becomes highly turbulent, and the background inhomo-

geneities in density and in current are smoothened. The initially

straight neutral line is highly distorted by the electromagnetic

mode.

Regarding the origin of the electromagnetic mode, it may be

important to report that we have done an interesting run. Namely,

we have done a simulation by artificially discarding the electro-

static potential. The run was performed up to to t = 580 by

using the same parameter values as Run A. As expected, neither

the LHD instability nor the electromagnetic mode with such a

large growth rate as Run A (y ^ 2.3 x 10 u ) was observed till

the end of the run. However, a new electromagnetic mode with

n = 2 wavenumber and a smaller growth rate y <v 4 x 10 u was

observed to grow at the center of the neutral sheet, which is

much larger than the analytical solution calculated by Yamanaka

—4[1978]. The observed resistivity was v -v, 5 x 10 u , which

is about twenty times smaller than that observed for Run A.

Heating of electrons or ions, acceleration or deceleration in
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the particle drift velocity was not detected. This seems to

indicate that the electromagnetic mode observed is not a linear

instability but a nonlinear instability associated with the

LHDI. For the excitation of this electromagnetic mode, the

role of meandering electrons enhanced by the LHD instability

might the important [Winske, 1980; Huba et al., 1980]. However,

it might* be necessary to follow their trajectories in the

reversed magnetic field and solve the fields as an eigenvalue

problem.

The outward plasma transport discussed in Sec.3-(3) has

close relation to the occurrence of the anomalous resistivity.

The average speed of the outward transport <v > may be calculated

as follows. On the RHS of Eq. (A) in Appendix, |<E >| <<

|<V ><B > | holds, so that the |<v ><B >| term balances the non-
ex ct e x it

linear term <6n 6E - —6 ;'n v )6B_>/<n >. Then we havee y c e ex Z e

= cn<j

_2
For Run A, <v > can be estimated to be 5 x 10 ui A ^ 0.8u>TIAex pe LH

at its maximum, which is roughly in agreement with the measurement.

Let us consider the energetics associated with these

instabilities. The free energy of the LHDI in the off-sheet

region is provided by the drift energy of particules: w, =

2-nme(Vdi - V ) . As can be shown in Figure 8, or more precisely

in Figure 7 (at x = 3/4 L ), the current decreases at the nonlinear

phase of the LHDI, which goes to the wave energy. As seen

in Figure 9-b, the saturation of the fluctuation field energy
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IiHD

£„ is limited by w,. Heating due to the LHDI is small, but

significant heating is observed near the neutral line (0 >> 0).

As di.scussed in Sec. 3-(3), the decrease in the magnetic field

energy is compensated by the increase in the kinetic energy

6w, and 6w eventually goes to the increase in the electron

thermal energy 6w . Hence, it is concluded that heating is a
2

consequence of the magnetic energy release, i.e. -S(B /8TT) %

Let us apply the resistivity obtained here to the plasma
in. „

sheet of the magne to sphe re. From Eg. (3) we have —(1 + oj /

u2 )-H- % 2 x 10~2 for V,./v.. . =0.5 and T. = 2T . Thence nT. di thi l e
£E _8 2 2

nT. % 9 x 10 is obtained for m./m = 1836 and u /w = 125.

This saturation energy corresponds to the fluctuation electric

field of E "V" 0.6 mV/m where assumed are n = 0.1 cm and T. = lkev,

which is very reasonable when one compares it with the average

electric field observed by the IMP 8 spacecraft in the distant

magnetotail [Gurnett et al., 1976]. With the aid of Eq. (2),

the anomalous resistivity turns jut n i 2 x 10 esu, or
— 1 —1 — 2 —1

v ^ 5 sec , where k 'v r 'v 5 x 10 km , v . . = 440 km/sec

for T.=l keV aria oi = 2 x 10~ sec" for n = 0.1 cm are used.

For example, the mean free path for T = lkeV electrons becomes

X _ 'vvth'^v
 a ^ ^ x 10 km. This value appears large enough

to explain a reasonably fast reconnection.

As described in this paper, the lower-hybrid-drift instability

is a possible mechanism that can produce the anomalous resistivity

in the magnetosphere. The strong dependence of the resistivity

on the ion drift speed should be emphasized in connection with
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the explosive MHD reconnection process [Hayashi and Sato, 1978;

Sato, 19 79]. However, in the magnetosphere these quantities

are controlled through the boundary conditions or plasma injection

from outside the plasma sheet. In our simulation where no energy

is supplied from outside, the instability stops growing when the

initial free energy has been consumed. As far as the peak value

of the resistivity and the saturation field energy are concerned,

our simulation results might be appropriate for the field line

reconnection theory in the magnetosphere. However, more duration

time (much longer than u> ) is necessary. We are now performing

simulations which allow the external energy supply.

(Post Script)

When we were writing the final version of our paper,

we received a preprint from Dr. Winske in which several similar

results are discussed, although the initial conditions are

different.
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APPENDIX

Definition of anomalous resistivity

The ensemble average of the first moment of the Vlasov

equation for electrons is given by

-ft<vev> + <(ve.V)vey>
 +lTn- eT

fe ^ H e x V i h r V V c e e x V
where the electric field, the magnetic field and the density

are decomposed into the average and the fluctuation part:

E = <E > + SE , etc. The second term on the RHS of Eq. (A)

represents the correlation between the waves and particles,

hence, the anomalous resistivity can be derived from this term.

There are other definitions of the resistivity such as

n = <Ey - -|-VexBz>/ <jy>, (B)

n = 3
Definition (B) may be appropriate when the dc electric field

exists and definition (C) may be applicable to the resistivity

along the magnetic field. Since the <v ><B > term and the

anomalous friction term on the RHS of Eq. (A) nearly cancel

with each other, definition (C) may not be appropriate for the

present case, neither can definition (B) be applied since no

dc scalar potential field is present. Hence, we adopt Eq. (1)

in the derivation of anomalous resistivity in the present

paper.
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TABLE CAPTIONS

Table 1. The initial parameter values adopted in our simu-

lations (only representative runs) and results. The

ratio of the drift speed of ions to the ion thermal

speed V-,-/v . and the ratio of the ion temperature

to the electron temperature T./T are key parameters.

The fluctuation electric field energy normalized by

the initial ion thermal energy density and the equiv-

alent collision frequency are the maximum values

observed at x = 3/4 L .
X

Table 2. The temperature dependence of the frequency and

the growth rate. The values of Run G (v/ji/

are corrected to the value of v^r/v.,- = 1 by

assuming the relation shown in Figure 5.
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Run :

Parameters :

VLy
VLx
m i/m e

(a)pe/U)ce)2

Ti / Te

Vdi/Vthi

Results :

W / WLH

Y/0)LH

EE / nO Ti

Veq/Upe

A

64x128

1/6

185

0.55

2.0

3.0

2.4

0.74

3.9xl0"2

1.2X10"1

B

64x32

1/4

76

2.9

2.0

2.9

2.9

0.67

l.lxio"2

7.1xlO~2

C

64x32

1/4

20

4.3

2.0

1.8

1.3

0.31

5.5xlO~3

2.8X10"2

D

64x32

1/4

11

4.9

2.0

1.5

0.95

0.37

3.7xlO~3

7.5><10~3

E

64x32

1/4

15

2.0

2.0

1.0

0.58

0.082

3.7x10~3

1.4x10"2

64

1.

4.

F

x32

1/4

5.2

2.3

2.0

0.7

0.39

0.15

7X10"3

8x10~3

TABLE 1 .



Run :

Parameters :

T,/T

L xLx y

Resul ts :

5.0

64x64

49

2.0

64x32

15

1.25

64x32

23

1.0

64x32

17

0.5

64x32

34

0

0

.48

.11

0

0

.58

.082

0

0

.34

.057

0

0

.44

.058

0

0

.44

.10

- - ( 1 + -£®)—- 0.38 0.17 0.11 0 .11 0.22 ?

"* "ce V i

TABLE 2.



FIGURE CAPTIONS

Fig.l. A sketch of the initial slab model with a reversed

magnetic field which is produced by the ion and elec-

tron diamagnetic currents in the y direction. The

plasma is bounded with the conductors placed at x = 0

and L , and is periodic in the y direction. No elec-

tric field is applied initially.

Fig.2. The sequential plots of the equipotential contours

(top), the magnetic surfaces (middle), and the electron

flow vectors (bottom). The dashed contours correspond

to negative values. The primary electrostatic insta-

bility with n = 5 develops in regions off the neutral

line, and subsequently an unstable electromagnetic

mode with a longer wavelength with n = 3 is excited

on the neutral line.

Fig.3. Temporal development of the Fourier amplitudes

measured at a) x = 3/4 L (top), b) x = 1/2 L

(middle) for the electric field, and c) at x = 1/2 L

for the magnetic field (bottom). Each number attached

on each curve is a Fourier mode number n , and the

wavenumber kr is given by k = 2irn /L . Note that

an electromagnetic mode with n = 3 develops at the

center of the neutral sheet, which is not accompanied

by large electrostatic field in contrast to the insta-

bility at x = 3/4 hx.
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Fig.4. The dispersion relations of the unstable electro-

static and electromagnetic waves observed, respectively,

at x = 3/4 L (filled circles), and at x = 1/2 Lx x

(hollow circles). N on the abscissa is a Fourier

mode number. The solid curve in the figure shows the

theoretical dispersion relation for the lower-hybrid-

drift instability.

Fig.5. Parametric dependence of the frequency and the

growth rate of the LHD instability observed at

x = 3/4 L on the ratio of the drift speed of ions

to the ion thermal speed. Filled circles are the

observed points for Run B - F, and the open circles

are those for Run A. The solid curves show the theo-

retical curves for the LHDI.

Fig.6. The spatial distributions of the energy density

of the fluctuation magnetic field e_,/nT. and the
o 1

fluctuation electric field e_/nT. at different times,
£i 1

where en = 6B,, /8IT, £„ = 6E,r /8ir, and nT. is thea z Ej y l

average ion thermal energy density at w t = 0.
pe

The LHD instability develops in regions with steep

density gradient off the neutral line, while the

electromagnetic instability develops at the center of

the neutral sheet after the LHD instability has

sufficiently developed.
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Fig.7. The time change in the relative velocity between

electrons and ions measured at x - 1/2, 5/8 and

3/4 L . The relative velocity at x = 5/8 L and

x = 3/4 L begins to decrease at the nonlinear phase

of the instability (at <o t ~ 200). On the other

hand, the velocity at the neutral sheet begins to

increase. The current homogenization after <*> t ~

350 is due to the current meandering associated with

the electromagnetic mode at the neutral sheet.

Fig.8. The profiles of the electron density n, the total

current j , and the magnetic flux B averaged over

y = 0 and L at three different times which roughly

correspond to the linear phase, the nonlinearly

developing phase and the saturation phase of the LHDI,

respectively. Note at oi t = 272 the clear flattening

in the density profile and the decrease in the current

profile in local regions where the LHDI has large

amplitudes. Also note the simultaneous acceleration

on the neutral line.

Fig.9. a) The equivalent collision frequency v defined

by Eq. (1) against the energy density of the fluctu-

ation electric field e_ for Run C. b) The saturation
hi

energy density of the fluctuation electric field

normalized by the initial ion thermal energy density
£E//nTi ^at x = 3^4 Lx^ v e r s u s t h e ratio of the drift
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speed of ions to the ion thermal speed (in each case

T. = 2 T ). The solid line shows the free energy

available in each run.

Fig.10. The time development of the equivalent collision

frequency v at three different positions on and off

the neutral line. The collision frequency develops

first at the inner edge of the steep density gradient

(at x = 5/8 L ), and the peak of the enhanced

collision moves outward away from the neutral line.

Note that a small but finite collision frequency

develops gradually on the neutral line associated

with the electromagnetic mode.

Fig.11. The spatial x-dependence of the electron

y-temperature T at different times. It increases

on the inner side of the steep density gradient

(at x = 5/8, 5/8 L ) associated with the instability.

The heating is small at x = 1/4, 3/4 L irrespective

of large fluctuation amplitudes.
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