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Abstract

　　　　　:【ｎthis　thesis　we　describe ａ　theoretical　study　of　well-

developed density　irregularities　In　the　Ionosphere.　　Our

Interest　is　the　formation mechanism　of　irregularities　observed

In　sporadic　Ｅ layers,　auroral･arcs,　and　plasma cloud　ex-

perlments　In　the　Ionosphere　and　obser▽ed　ｅ∇en　In reflex

arcs。

　　　　　The　Ionosphere　seems　to be　susceptible　to ａ number　of

plasma　instabilities.　　Now, It　Is　Kell-known that among

them ａ　particular　type　of　fluld-llke　plasma　Instability

takes　place　in the　lower　Ionosphere under　certain conditions.

One　calls　this　Instability by　the　name　of　cross-field

Instability。

　　　　　By　ａ　linearized　version, one　found　that　the　cross-field

Instability　played an　Important　role　In　producing　of　en-

hanced　Irregularities　of　electron　concentration.　　Recent,

rapid　progress　of　measuring　techniques　by　sounding rockets

and　radio-frequency　scattering　experiments,　howe▽er, has

disclosed quantitatively　the　fine　structure　of　Irregularities.

Therefore, it　is　necessary　to　study　the　nonllnea：ｒ　ｅ▽olutlon

of　the cross-field　Instability, In order　to　know the　fine

structure　of　the　Irregularities　caused by　the　Instability

and　to　compare　the　theoretical　results　with　the　observed

ones.
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　　　　　Fromａ　viewpoint　of　plasma physios, nonlinear　cross-

field　Instability　presents an attractive　example　of wave-

wave　Interactions　which can　lead　toａ　large　ｔヱヽansport　of　the

plasma。

　　　　　The　thesis　consists　of　the　followingfive　chapters;

工ｎchapter　1, we review qualitatively　the　present　status　of

the　cross-field　instability　In　linear and　nonlinear　regimes,

and　point　out　some relations between　the　theory and　observation.

Chapter　２　describes　the　time　evolution　of　one-dimensional

nonlinear　cross-field　Instability.　　　This work ｍ負万ｙbe　called

an extension of　previous works by　other authors,　１ｎthe　sense

that　the　instability condition　is more　strengthened　than　the

previous　ones.　　The　cross-field　Instability　Is　essentially

two-dimensional　phenomenon, judging　from　its　physical　picture・

Thus, we　study　the　time　evolution of　two-dimensional non-

linear　cross-field　Instability　as　an　lnltlal-boundary　value

problem, In chapter ３．　　Newappea：ranees　never　seen In the　one-

dimensional　model　are　recognized:　the　deformation of　the

background quantities　which　sustain　the　Instability, and

consequently　the　cyclic　growth and decay　of　the Instability.

As an application　of　the　cross-field　Instability　to　the

auroral　Ionosphere, we　present ａ new mechanism of　quiet auroral

arcs　In chapter ４．　　１ｔ　Is　suggested　that　the　leading　part

of arc　formation Is　played ty　the　Ionosphere.　　The　theory

basically　oonsists　of　two　stages:　Firstly, It　is　shown　that

1Ｖ
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the　Ionosphere　Is　subject　to　the　cross-field　Instability

resulting　In ａ wavy　Irregular1ty　of　lonization whose charao-

terlstlos　are　oolnoldent with　those　of　auroral arcs.

Secondly, a model　Is　presented　that　such an　irregularity

(arc-to-be) de▽elops　into　auroral Gircs　under　the　Influence

of　field-aligned　current　triggered by　an　Induced　potential

across　an arc-to-be.　　The model　１１ｓ　numerically　ｅ７ａ万゛”万ined　for

ａ number of　parameters　sets　to　find　that　the　Ionospheric

Irregularity　can　certainly result　In auroral aros*　　The

calculated results　are　compared. with recent　experiments　of

auroral arcs.　　Deformation of an arc　is　also discussed　In

terms　of　the　cross-field　instability。

　　　　　Chapter　５　summarizes　this　thesis.
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　　　　　　　　　Chapter　　１

IONOSPHERIC　工RHEGULARITIES

　　　　　　　　　　　　and

　CROSS-FIELD ｡1:NSTABILITY

1. Introduction

　　　　ＡKeakly　Ionized　plasma　Is　susceptible　to ａ number　of

low　frequency　electrostatic　lnstaisllltles.　　０ｆ　these we

are　here concerned with　the　cross-field　instability, so�etimes

one called the　晃Ｘ旦　，　neutral 　　　　　　斡drag　９　ｏ「
韓　　　　　　　　　　　　　吽
　gradient drift

Instability.　　　It　has　been　shown　that　this　Instability　takes

place　m ａ weakly　ionized plasma　Immersed　Incrossed　electric

and magnetic　fields　In　the　presence　ofａ density　gradient

across　the magnetic　field.　　If　the　productof Ｅ by　the density

gradient　Is　positl▽ｅand　ifＥ exceeds ａ critical ▽alue, the

energy　dissipation by　ｃ(ａ;!かslcal　diffusion　is　overcome by　the

energy　input　to　set up　the　Instability.　　This　Instability　Is

confirmed　to　ocour　m　the　Ionosphere and　In ａ reflex　arc (

for　exeuaple, Sato, I968;　Hooper, 1970)。

　　　　　Wehere　present　the　obser▽ed　results　of　ionospherlo

Irregularities　and review　the　oross-fleld　Instability as-

sociated TTlth density　irregularities　In ａ quailtat1▽ｅ　fashion,

１ｎorder　to　know the　present　status*　　Attention Is　fooused

mainly　on nonlinear behaviors　of　the　Instability which are

１



of　our　concern.

工工. Observations　of　Ionospheric　Irregularities

　　　　We　first　present　Ionospheric　density irregularities

observed recently by　sounding rockets。１ｎ order　to　clarify

the　objective　of　this　study。

　　　　Smlth(1966) observed　structural　features　of　the　electron

density profile of sporadic Ｅ In mldlatltudes.　These were

obtained usln^;　the Langmulr probe　having ａ resolution of

about　１０ ｍ In height and about　１ 男１ｎ electron density・

Fig.　１．１　shows　enlarged　sections　of　electron density profiles

by four rockets In daytime.　The profile of 1513 ＣＳ？shows

very clearly an Irregular region between　101.0 and　１０３・９　km・

The relative amplitude　In electron density is + 18 J^ and

the ａ万mplltude　In height　Is　about ０．４１km.　　Sml th　says　that

the　sharpness　of　the boundaries　of　the region, the altitude

of the center (102・５ km), and the thickness （２・９km) strongly

suggest an association with　sporadic　Ｅ。

　　　　Ova(1967) measured　the mlcro-s true ture　of　the　electron

density profile by ａ rocket-borne　gyro-plasma probe which

has ａ resolution of about ａ　few hundred meters　In height and

about ！ ３ 男　１ｎdensity。　　Fig. 1.2　shows detailed　features　of

２
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the　obser▽ed　electron density　In　the　daytime　at mldlatltudes.

Note　the density Irregularity fluctuating within ｔ ２０% In the

amplitude and　having　the altitude ranges　of　100-120　km.

This　１エ･regularity　was　ldentlfleくｉ with　the　radio　ｓｃａ七七erlng

source　of diffuse　type　sporadic　Ｅ layer on the　ionogram。

　　　　Ｐ：rakash　etal.(1970) revealed　the　existence　of　electron

densities　▽arylng between　１０３ and　１０４/cm^ １ｎ the height

ranges of 95-120 km.　The observation by the Langmulr probe

was done m the　night　time　Ionosphere near　the geomagnetic

equator. I.e., the　night　time　equatorial　Ｅヱヽegion.　　Fig. 1・３

shows　the density　profile　obtained by　Prakash　et al..　　They

point　out　that　the　Irregularities with scale　sizes　In　the

ranges　of 30-300　ｍ and　1-15 ｍ and with　their amplitudes

▽arylng fcy factors　lying between ４ and ２５　existed during

the　rocket flight.　　While　these　Irregularities were　found

to　occur randomly and In the form of bursts, most of　them

were　observed･ １ｎregions where　the background　electron density

exhibits　large　negative　gradients(see　Fig.　１・３)．　　　Further

they　note　that　the　positions　of　occurrence　of　the　30-300 m

Irregularities were　found　to regard quailtat1▽ely　the　oross-

field　instability under ａ　background　density　gradient with

ａ specific　sign as ａ generation mechanism of　Irregularities・

and　that while　the smaller　scale　size　Irregularities　of　1-15

m also　occur　In regions where　the cross-field　Instability

can　operate　they　cannot be directly　explained　on　the basis

５
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of the present theories of the cross-field Instability '。

　　　　工onospherlc　irregula：rlties　as　shownabove　may be, so　to

speak, produced by ａ　freak of　nature under certain Ionospheric

conditions.　　　Now. howeverI･we　have　another diagnostics　of

ionospheric　plasma万ｓby an active means, I.e., artificial

plasma clouds.　　Davis(1971) describe･１ an attempt　to　ｓtudy

the circumstances　under which　the -cross-field　Instability

ocour by　Injecting alkali　plasma clouds　Into　the　lower Ｅ

region and　observing　ｔｈｅ�withradio　frequency　scattering

technlque(ooherent-pulse-Doppler　radai･)．　　　The　typical　example

In appearance　of　pla8ma cloud　evolution at　lower　extreme of

the　Ｅlayer Is　illustrated　In Fig. 1.4 which shows ａ collection

of　spectral displays　acquired by　placing a Ｏ°３　Hzresolution

analysis　filter at ａ　succession ｏｆ･points　In time, aeperate《１

by ３ｌsec　each，during十the lifetime　of the plasma万cloud・

The first photograph. at o3h 26m 30s, In the figure shows

the prerelease condition, with ａ ｓlm万万輿万１１radax･clutter echo

Just above zero apparent Doppler-shlft ．　We see the rapid

growth and subsequent decay of the spectrum. and coezi stliuc

discrete spectral components。Comparing wl th the nonlinear

numerical calculations(for　example, Sato and　Tsuda, 1967),

●）　Wemight･．　however.　Infer that even such small　１ヱ･regu-

larltles　could be　produced by　the well developed　cross-field

Instability ａｔ･nonllneaxヽstage, as　will be　seen In chapter ４．

８



Davis　finds　that　the　cross-field　Instability　oan　Indeed

explain　the　obaer▽ed behavior･　of　the　plasma　cloud　ｅ▽olutlon。

　　　　　Thus, wa　can　suppose　obser▽atlonally　that　the・cross-

field　Instability　plays an　Important role　In the fori･･万ation

of　lonospherlo　Irregularities.　　We remind　here　that　further

nonlinear analysis　of　the　Instability　would give ａ　stronger

support。

　　　　　Weｈａ▽ｅdesoz･lbed above　the　obser▽ed results　of　ｉｚ･regu-

larlties at　the　equatorial　and mldlatltude　lonosphez･ｅ．

Let　us　extend　our consideration　to　the auroral　ionosphere

where　the dyna�leal display, l*e., aurora　is　seen.　　Aurora

Is　ａ　complex,�lxed-up　phenomenon　In　spite･ of　Its　simple

▽lslblllty, and was　treated as ａ challenging　problem by many

authors.　　Howeverf many　problems　remain to be unsolved as

yet. This　may be due　to　the　fact　that　the auroral　Ionosphere

１ｓ　closely　linked with　the　entire magnetosphere by　the　lines

of　force,thereby　exchanging　lnformatl on8　each　other.

Therefore, It　Is　very　difficult　to　explain the auroral　phe-

nomena by ａ unified　theory.　　Before　this will be aohieved*

we must aooumulate more　observational and　theoretical works。

　　　　　As　one　step　to　this　ｅｎａ・　weconfine ourselves　to　the

electrodynamlc　coupling between　the　auroral　Ionosphere　and

the　ｗ･万agnetosphere，In magnetioally quiet　times Nhioh�ay

mean　the quiet magnetosphere.　　Recent, Important finding by

sounding rocket　penetrating auroral　80*0 S　irhioh ａ：re　often

９
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seen　In quiet　times, is　the　field-aligned current　sheets, i.e.,

the Blrkeland currents.　　Cloutier　et al.(1970) and　Park and

Cloutler(1971) presented　the　observational　evidence by　the

:rocket-bo:me　eipe:riment　consisting　of　ａ　vector　magnetometer

system and　energetic　charged　ｐａ：rticle　detectors　that　there

exists　geomagnetically　aligned　sheet　currents　associated　with

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｒ
the visible ａｕ:roral arcs, and that precipitated enegetic

electrons　in　the　range　２　to　１８　kev　carry　ａ　significant　fraction

of　the　total　upward　field-aligned　ｃｕｒｒｅｎｔ，ｂｕｉ　energetic

particles　In　this　range　are　apparently unlmportnat　in　the

downward　sheet　current.　　Fig.　１．５　Illustrates　schematically

the　spatial　relationship　of　the model　current　configuration

used　to　fit the　observed data.　　Cloutier　et al.(1970) point

out　that　the　upward　current　flows　through　the　horizontal

westward　electroJet, with　the downward　current　displaced　to

the　south　side　of　the　electroJet, and　that　the　place　of

precipitated　electrons　is　coincident　with　electroJet　and

upward　current　sheet.　　Thus, we have　no　doubt　of　the　close

relationship between auroral arcs　and　field-aligned　currents.

Why　and how is　such ａ current　system　formed　？

　　　　　Among ７゛゜ny　potential　candidates ， we　suggest　the　possl-

blllty　that　　the　ionospheric　irregularity　produced by, for

example, the　cross-field　Instability　triggers　such　field-

aligned　currents　as　shown　In Fig.　1.5.　　Once　homogeneous

auroral arcs　are　formed, they　seem　to　be unstable　for ａ
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varle七ｙ　of　plasma　Instability, resulting　In　ｉｚ･regular　arcs.

Typical example of ａ larger scale folding (ｏｆ２０km) which is

one　of　several　active　features　added　to ａ　quiet and　homo-

geneous　arc　is　shown　in Fig. 1.6.　　Though　it　Is　controversial

whether　this　structure　has　Its　origin　In　the　Ionosphere　or

the　magnetosphere, we　may　suggest　that　small-scale　structure

of　the　order　of　ａ　fewkm Is, more　or　less，formed by　the

action　of　the　cross-field instability　ｉｎ･the　ionosphere。

　　　　　Next,we　describe　the　experimental results　in ａ reflex

arc.　　　Hooper(1970) reported　the　characteristics　of　turbulence

to be　identified　as　the　mode　of　the　cross-field　instability

in ａ　reflex arc　plasma.　　　He　observed　七he　transition　from

coherence　七〇　turbulent　oscillation when　the　Instability

condition　is　s trengthened･　　Fig. 1・７　shows　an　example　of

the　probe　Ion current and　floating　potential　in　turbulent

state.　　Note　that　this　complicated waveform　Is　due　to　strong

nonlinear mode　coupling which generates　several beats　between

the　modes.　　Another　observational　evidence　given by　Hooper　Is

that　the　cross-field　instability　Is　limited by　ａquaslllnear

feedback　effect　which will　reduce　the background densl ty

gradient.　　This　is　shown　in Fig.　1.8.　　We　can regard　that

such　ａflattening　of density　profile　gives　an　important clue

to　understanding　of quenching mechanism of　the　cross-　field

Instability.　　　工onospheric　irregularities　are　also　destined

to　stay at　finite　level, more or　less.　　As　yet, we do　not

13
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know　clearly　the　quenching mechanism　of density　irregularities

In　the　Ionosphere.　　However, it　is　easy　to　see　that　nonlinear

behavior　holds　the　keys　of　time　evolution of　irregularities。

　　　　　We　have　presented　typical　examples　of　density　lrregularl-

ties　observed　In　the　ionosphere　and　laboratory, seemingly

caused by　the　nonlinear　cross-field　instability.　　　Now, we

can point out　the　Importance　of　nonlinear analysis　of　ｔｈｅ･

cross-field　instability　，１ｎ　order　to　have　consistency　of

the　observed　results　with　the　analysis。

　　　　　In　the　following　two　sections, we review quali七atlvely

the cross-field　Instability　In　linear and　nonlinear regimes.

15



工II. Linear Analysis

　　　　The　cross-field　instability　was　first　predicted by　Simon

(1963) and Hoh(1963) Independently, In laboratory　plasma ｓ　of

Pennlng-type　discharge.　　　Morse(1965) extended　analysis　to　ａ

more　generalized　form, I.e., two　dimensional　linear analysis.

　　　　工ｎthe　ionosphere, the　primitive　idea　of　the cross-field

Instability was suggested first in the study of Martyn(1959)*

who　Inferred　that　ionozatlon　irregularities　might grow　in

the　presence　of　ａ　gradient　of　the　ambient　lonlzatlon density・

Maeda　et al,(･1963) suggested　that　the　same　type　of　instability

would　occur at　the geomagnetic　equa七〇r, since　the　geometory

of　the　equatorial　Ｅ layer　resembles　to　that　of　laboratory

experiment.　　　This　study was　extended　to　the　formation of

sporadic　Ｅ layers　at　temperate　latitudes by　Tsuda　et al.(1966).

　　　　Ths　cross-field　lnstatlllty　results　from　七he Hall　or

Pedersen drift　of　charged　ｐａ:rtlcles　in the　presence　of ａ　ｐ]Lasm万Ｑ万

density　gradient.　　工ｎ　the　lower　ionosphere, the Hall　mobility

Is much higher　than　the　Pedersen mobility,　and　the　Instability

mechanism is　determined　mainly by　the (electron) Hall motion

(Hall mode).　　０ｎ the　other hand, In　the upper Ｅ layer

the Pedersen mobility domlna七es, so that the Instability Is

controlled by　the (Ion) Pedersen motion (Pedersen mode)・

Since,　however, we　have　no　remarkable　density　gradient　in　this

layer　In ａ　normal　state, the　Pedersen mode does not　seem so

16



essential　for　lrregualrity　formation as　the　Hall　mode　in　the

lower Ｅ layer。

　　　　Linear analysis　under　circumstances　appropriate　to　the

ionosphere was　analysed by　many　other authors;　for　ｅ：xample

Kato(1965, 1972), Whitehead(1967, I968, 1970a, 1970b, 1971),

Kato　and　Hirata(1967), Reld(1968), Chlmonas(1969), and

Cunnold(1969).　　Here　It　is　worth noting　that　in linear

analysis cited above ａ　specific　type　of　perturbation　Is

assumed.　　Using ａ perturbation for　different from that of

Tsuda　et al.(1966), Whitehead argued　incorrectly that the

cross-field　instability could exist at　the　equator, but would

not occur outside the equatorial region.　　The objection to

this argument was given by Kato(1972) and Sato and Tsuda(1972)

who　showed　that　this　difference　of　theories　is　not　essential

and we　can　expect　七he　cross-field　Instability　七〇　exist　also

In mldlatitudes　as well as　the　equatorial　regions。

　　　　Recently, 1七　１ｓ　said　that　this　mechanism would be　relevant

to　plasma　cloud　evolution　in　the　Ionosphere(for　example,

Wesco七七　et al.(1969)≫ Linson and Workman(1970), Rao　and

Russell(1971)t and Davls(1971)).　　　Further, Hooper　and　Walker

(1971) and　Ogawa and　Sato(1971) almost　simultaneously　sug-

gested　that　this　instability　would　play some　important role

In formation and deformation of auroral arcs.

17



IV. Nonlinear　Analysis

　　　　　Linear　analysis　falls　to　tell　the　ultimate　fate　of　an

initial　perturbation, although many　aspects　of　laboratory

plas”la,Ionospheric　irregularities　and　plasma　cloud　experiment

are brought　to　light by　linear analysis.　　Unstable　plasma　in

nature　is　destined　to　result　in ａ　turbulent　state, In which

energy　supply　to　ａ　plasma may be　In harmony　with　energy　dlssi-

pation from It.　　工ｎsuch ａ　state we may　encounter new ap-

pearance which　can never be　recognized at　the　linear　stage・
　　　　　　　　　ｅ．
From ａ 七りpretlcal point of view, fluctuating　state　of

　　　　　　　　　　　　　　　”　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．１ａ　system万may be　divided　Into　two　categories;　one　is　　weak

　　　　　　　　　　　ｔ　　　　　　　　　　　　　　　　　●　　　　　　　　　　　　　　　　ｌturbulence　and　the　other　Is　　strong　turbulence　．　　In　the

cross-field　instability, a　turbulent　state　appears　when　the

external　electric　field　Ｅｅχ. exceeds　ａ　critical　value Ｅｃ゛

　　　　　　　　　　　　　●　　　　　　　　　　　　　　●．The　concept　weak　turbulence　　is　useful　under　the　condition　of

Ａ°（Ｅｅχｔ ’ Ｅｃ）／Ｅｃ４｀　１’　When△≧１ｓ however, system remains

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●no more at a　level　of ｖ＆ａ.ｋ　turbulence but develops　into

　　　　　　　　　　　　　　　　●strong　turbulenc e　where　mode　coupling　becomes　dominant.

At　this　stage, mathematical approach becomes　quite　difficult.

Ａ high　speed electronic　computer　In　current　use　will　give us

ａ　powerful　means　to　unravel　such ａ　complicated　process・

　　　　　Nonlinear　theory　of　the　cross-field　instability　was　de-

veloped by Kim and Simon(1969) and Hooper(1970) in the quasi-

linear regime, and Sato(1971) in both　the quaslllnear and

18



mode　coupling regimes.　　Kim and　Simon obtained　the mode ampll-

tude, frequency　shift, electric　field　change, flattening
，of

background　density distribution, and anomalous　plasma　trans-

port in terms of ａ small parame七ｅｒ△Implying mode coupling

corrections　to be　small.　　Hooper analysed an ａｎｏ�alous

transport　in　the quasllinear regime and compared with　experl-

mental　resul七ｓ　obtained　１ｎ　ａ reflex arc.　　His　experimental

result　is　compa七lble　with　the　quasllinear　calculation　of　Kim

and　Simon as　far as　the　density　flattening　Is　concerned.

　　　　　工七was　pointed out by Sato　and　Tsuda(1967) that since

the　dispersion工ヽelation　of　the　cross-field　instability　Is　ａ

decay　type, thre e-wave　ｉｎ七eractlons　between different wave-

number components belonging　to　the　same branoh　In　the dls-

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　irvperslon　curve might be an　Important　process　In determlng　the

turbulent　state.　　工七　1ｓ　further　noted　that　the　ｆヱヽequency

of　the　Instability　is　far　below　the　Ion-cyclotron frequency

and　the　plasma　frequency, so　七hat neither　cyclotron damping

nor　Landau　damping are　involved;　this　Indicates　that　the

resonant　interaction of　the　waves　with　particles　is　not　lm-

portant, and　hence, as　ａ　cause　of　nonlinear　damping, only

the　wave-wave　Interaction　is　essential.

　　　　　Viewed　In 七his　light, Sato(1971) has made an ａ七七ractlve

study　In which discussions　are not confined　to　suoh 11ml七ｅ(１

cases as Kim and Simon(1969) and Hooper(1970) but ａ more

general　case　is　treated.　　工n his　theory, mode　coupling　plays
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an　Important role　in　the　nonlinear　evolution of　the　cross-

field instability when△≧１．　　:It Is found that mode coupling

can　lead　to　an　explosive　instability, namely, an amplitude

of　unstatile wave diverges　within ａ　finite　time:　ＷｈｅｎＥｅｘｔ　Is

below ａ　critical　value E
<,
the　system behaves　so　gently　that

unstable waves　always　retain ａ　finite　level because both　the

quasilinear and　mode　coupling　processes　stabilize　them.

Beyond　^cl　the　system results　In ａ strong　turbulence.　　By

this　Sato's　work, both　the　quaslllnear　and mode　coupling

effects　on　nonlinear　state　have become　clear　to　some　extent.

　　　　　Williams　and Weinstock(l970) developed　the nonlinear

theory　of　strong　turbulence　of　the　cross-field　Instability,

applying　to　Ｆ region　irregularities　In the　Ionosphere (spread

　　　　　　　　　　　　　　　　　　　　　　　　　　　討　　　　　　　　　　　　　　　　韓Ｆ)．　　Based　on　the　so-called　particle　trapping　method, they

derived　the　nonlinear　dispersion relation, from　the　macro-

scoplc　Vlasov　equation.　　However, this　theory　Is　so　sophistl-

cated　that　it　is questionable how relevant　to　the actual plasma万

１ｔ　is.

　　　　　工ｎ　order　to　study　the　competing behavior between　the

quaslllnear and mode　coupling　effects　and also　to　observe　the

deformation　of　the background　quantities (background　densl ty

and　electric　field), electronic　computer must be　ａ　powerful

tool.　　Computer analysis　enables　us　to　show　the　nonlinear

evolution of　plasma wave　instability　which　otherwise might be

Intractable by　conventional analytical methods*　　Also　it

２０



has　the　advantage　that we do　not rely　on misleading ！生!!!２£

assumptions。

　　　　Sato and Tsuda(1967), Tsuda and　Sato(1968), Sato　et ａ１．

(1972) performed　numerical　analysis　of　the　cross-field　lnsta-

blllty　in one-dimensional model appropriate　to　the　lower

ionospheric　Ｅ layer.　　Sato　and　Tsuda(1968) and　Tsuda　et ａ１．

(1969) extended　the analysis　to　two-dimensional　model・

Sato　et　al. found　the　cross-field　Instability　to develop　Into

ａ completely and rather　stationary　turbulent　state,　through

the　mode　coupling.　　　Relative　amplitude　of　density　fluctu-

ａ七Ions　amounted　to　３０　－　50% under　the　situation concerned

there, and ａ　phase　mixing　of　eachmode　occurred, resulting

In　the　Drominent deformation of an　initial　flue七uatlon・

Also　they demonstrated　that　in　the　turbulent　state　energy

supplied　continuously　from　the　unstable　long wavelength　ｗａｓ

dissipated at　short wavelength　owing　to　collislonal　diffusion

which　becomes　important at　short wavelength.　　Sato　et　ａ１．

(1968) suggested　in　the light　of　the results described above

that　the　　formation mechanism of diffuse nonblanketing　type

sporadic　Ｅ layers　of midlatltudes　might be　attributed　to　the

well-developed　cross-field　instability.　　　Rocket　observations

°ｆ　irregularity　七ypeＥｓ　madeby　S趾七h(1966).　Oya(1967),　and

Prakash et al.(1970) showed the exlｓ七enoe of electron density

Irregularities　with　the amplitude　of　about ａ　few　tens　percent,

the wavelength　of　ａ　few hundred ｍｅ七ers,In　the　height range
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of ａ　few or ａ few tens　of kilometers.　　These　observations were

well　explained　in　terms　of　the　cross-field　instability　In a

strong　turbulent　state。

　　　　　工ｎhis recent　paper, Davis(1971) has　succeeded　In observ-

Ing　nonlinear　evolution of　artificial　alkali　plasma　clouds

Into　the　lower　Ionospheric　Ｅ region by　means　of　decameter and

meter wavelength,　coherent-pulse-Doppler radar.　　After　an

Initial　expansion, plasma　cloud　undergoes　ａ　period　of　ir-

regular behavior, in which ａ　nxmber　of　discrete　echoes　from

reflectors appear　superimposed　on　the　generally　diffuse　plasma

radar　echo.　　He　Indicates　ｔｈａ七，１ｎ　this　phase　of　plasma　cloud

evolution　Intense ， nearly　monochromatic　echoes　grow with

growth　time　of ａ　few tenths　of　seconds　and decay with decay

time　ｏｆ　ａ　ｆew　seconds;　these　echoes　repeatedly appear and

decay, and　the　recurrence　lasts　several　minutes.　　Davis　finds

that　this　evolution of　clouds　Is　consistent with　that　of　七he

nonlinear　Instability芦nalysls　of　Sato　et al.。

　　　　　Fromviewpoint　of　plasma　physics, nonlinear　analysis　of

the　cross-field　instability　presents　an attractive　example

where mode　coupling plays　an　Important　role.　　　Sato　et al.

(1972) extended　their　one-dimensional　nonlinear　instability

analysis　for ａ number　of　different　ｅｘ七ernal　electric　fields

to　know how the　nonlinear　evolution depends　on　this　parameter.

Their finding is as follows‘　　When Ｅｅｘ七くＥｃ１゛̂cl being

cited above, the　system behaves　gently and wave　form Is　saw-
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tooth　like.　　ＷｈｅｎＥｅｘｔ〉E
^,
however, the system becomes

violent　and　develops　into　strong　turbulence;　the　waveform

becomes　soliton-like　and　density　power　spectrum　obeys　approxl-

mately ａｋ“３　law,k being wavenumber.　　These　results　are

rather consistent with those of Sato's prediction(1971) of

the　nonlinear　theory。

　　　　　Some　turbulent　structures　of　the　systemhave been　cor-

roborated by　one-dlmenslonal　nonlinear　analysis.　　Ｉ七　must

be, however, pointed.　out　that　the　cross-field　instability　Is

essentially　two-dimensional　phenomenon　Judging　from　the　mecha-

nlsm　of　Instability.　　　Therefore, one　must　take　into　account

not　only　Interactions between growing modes　but　also　feedback

of　wave　energy　into　the　background　quantities　which　sustain

the　Initial　growth　of　the　ｉｎｓ七ability.　　　The　two-dimensional

numerical analysis　was　performed by　Sato and Tsuda(1968) and

Tsuda et al.(1969).　　They　obtained　the　following　七wo　lm-

portant　features.　　Firstタ　１ｎ　the　early　phase　of　evolutionａ

rather　localized, spatially　coherent　density　irregularity　is

formed.　　Second, the　nonllneer　quenching　of　unstable　waves

is　established　through　the　cancellation of　the　external

electric　field.　This　latter features　contrasts　with　the　result

of　the　one-dimensional　calculations　where　the quenching　Is

achieved due　七〇　the　energydissipation　through mode　coupling

only.　　　Based　on　this　calculation, they　also　suggest　the

possibility　of　ａ　cyclic　process　of　growth, quenching, and decay・
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We remark here　the difference between　the　conclusion of　Kim

and　Simon(1969) and Hooper(1970) and　that of　Sato　et ａ１．

concerning　nonlinear quenching mechanism.　　This　may be　due　to

the　fact　that　七hey　used　the　different boundary　conditions.

The boundary　condition of　Kim and　Simon and Hooper　is　appropri-

ate　to　laboratory　plasma and　that　of　Sato　ｅ七 al. to　the　lono-

sphere, maybe。

　　　　　Inａ　cesium plasma　cloud　experiment, Davis(1971) observed

the　cyclic　growth　and decay　process　in　the　discrete　spectral

features　obtained　by　decameter radar.　　This　result　seems　to

be　consistent　with　the　prediction of　two-dimens ional　nonlinear

analysis。

　　　　　Hooper　inａ　series　of　papers(1970a, 1970b, 1971a, 1971b)

studied　experimentally　the　low　frequency　oscillation　in ａ

reflex arc, making　use　of　correlation　techniques.　　　His　result

strengthens　the　identification of　the　mode　as　the　cross-field

Instability, and　shows　ａ　clear　cut　transition　from coherent

to　incoherent　ｏｓｃ‘illations　when　the　Instability　condition　is

strengthened.　　Ａ detailed　comparison of　experin!ents　with　the

nonlinear　:results　is　not　possible because　ｅχperiments　are

usually　performed　in cylindrical　geometory　whereas　the　non-

linear　studies　are　done　in　slab　geometory.　　　Nevertheless,

七here　are　several　points　to ■be　compared.　　Hoope工｀　notes, first,

that　primary　quasilinear　effect　is due　to　the　flattening　of

density　profile　ｒａ七her　than　that　of　average　electric　field,
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as　predicted by　Kim and　Simon.　　Second, Sato's　condition　for

the　onset　of strong turbulence, i.e.
゛^ext
〉Ｅｃ１ a゙re satis-

fled.　　Third, the　strong　turbulence　observed　in　the　eiperl-

ments　shows　the　closest　resemblence　to　computer　analysis.

V. Summary

　　　　　We　ｈａ▽ｅ　givenａ brief　qualitative review of　the　cross-

field　instability, attention being　paid　to　nonlinear aspects.

工七　should be　remarked　that　the　cross-field　instability　in

question　１Ｓ　entirely cominon十phenomenon　in　the　lower　iono-

spheric　Ｅ　layer　where　dynamo　electric　field (or　ｏ七her　electric

field) and　the　gradient　of　electron density　coexist.　　If

the　Instability　condition　Is　satisfied, even　the　upper　lono-

sphere　１Ｓ　suscep七ible　to　this　instability。

　　　　　Nonlinear　evolutions　observed　in　experlmen七ｓ　in　the　iono-

sphere　and　lab or a七〇ry are　to　some　extent　explained by　the

computer　analysis　Qf　Sato　et　ａ１‥　　　However, It　should be

remarked　that ａ　１１七tie　Inconsistency　remains　to be　settled.

Accordingly　It　Is　highly desired　that　ａ　further　two-dimensional

nonlinear calculation should be　carried　out, for　suitable
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boundary　condi七ions, In　order　to　otserve　the　competing　process

between　the　quasillnear and mode　coupling　effects　and　to　see

the　deformation　of　background　quantities.　　Such　an analysis

may　facillate　comparison with　experiments　still　more.
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　　　　　　　　　　　　Chapter　　２

　　　　　　　　ONE　－　DIMENS工ONAL

NONL工NEAR　CROSS　－　Ｆ工ELD　工NSTAB]:Ｌ]:TY

工．工ntroductlon

　　　　　Present　objective　Is　to　reveal　the　time　evolution　of

one-dlmenslonal　nonlinear　cross-field　instability using ａ

computer.　　We　assume　that　all　the　variables　vary　only　In

§ｅｘｔｘ　旦Ｏ　direction, I.e., the direction　of　wave propagation.

This means　that　we　neglect　the　interaction between　the　per-

turbation and　zeroth　order background　quantities (inhomo-

genelty　of　the background densl七ｙ 7nQ and dc　electric　field

^ext
) which　sustain　the　Instability・

　工七　１ｓ　foundby　linear　analysis　that　the　dispersion

relation　Is　of　decay　type because　the　phase　velocity　Increases

with　increasing wavenumber.　　Therefore, the　three-wave　decay

process　between different　wavenumber　components　on　the　same

branch　in　the　dispersion　curve　Is　Important　as　the　mode

coupling　process, but not　the　scattering　or　emission　of　the

waves　belonging　to　other　branches。

　　　　　strong　turbulent　state　of　the　cross-field　instability　in

one-dimensional　model was　investigated by　Sato　and　Tsuda(1967)・

They found well-developed　turbulent　irregularity　whose　ampll-

tude　amounts　up　to　about　５０ズ　of　thebackground density, and
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the　nonlinear quenching　of　the amplitude was　achieved　３．ｎ

such ８ ゛ay　that　the　energy　supply　from∇ｎ０　and ’Ｅｅｘｔ　Isbalanced

by　the　energy　dissipation due　to　mode　coupling.　　　Sato　et　ａ１．

(1972) has　discussed　other aspects　of　turbulent　state.　　They

found　that a　saw-too七h (shock-like) solution　exists　for　some

range　of　Ｅｅｘｔ a゙nd　that　the　solution becomes　localized and

sollton-llke　for larger Ｅｅｘｔ°　　The　value　of　^ext　differenti-

ating　the　solution　from　the　former　to　the　latter agreed　well

with that of the theory {Sato, 1971)。

　　　　　工ｎ　this　chapter,we　investigate　nonlinear　behavior　for

^ext　far　greater than　the　critical　value　described above,

since　the　earlier　calculations　did　not　analyse　the　nonlinear

evolution　in　this　parameter range・

工工.Basic　Equations

　　　　　We　consider　ａ　compressible, weakly　ionized　ｌｏｗ一戸　plasma

immersed　in uniform magnetic　and　electric　fields, and　the

following　fluid-dynamical, electrostatic　equations　for　electrons

and　Ions are used (in MKS units);
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１

　dv　　　　　　　　　　　　　　　　　　　　　　、　　　　　　　　　　　　　Ｔ

％診゛ｅ（x（瓦゛PO゛FO゛F）“馬゛ayaザフ１、

　　　　　　　　　　　　　　　　　　　　　　(2 ･ 1)

－Ｊ!＋　∇・（ｎ　Ｖ　）＝０
at　　　　｀　　　（Ｘ　、（Ｘ

　
＝

’
Ｅ
’

　
∇
’

ｅ

一
巳０ (n. - V.

((゛゜e, ｉ)， (２・２)

（２・３）

Here, the subscript cL denotes electrons (e) and Ions (i) and

ｎ。ｃ　refers　to　the　density, m。（　the　particle　mass,　４　the

collision frequency with neutrals,ふく　　the　velocity, T,χ　the

temperature　in　eV, e (〉ｏ）　the　electroncharge
゛
６
０　the　per-

mlttlvity　of　free　space, JBq　the uniform magnetic　field.　　ｊｏ

and ｌ　are　the　dc　and　ac　electric　fields, respectively.　　　Note

that　we　use　explicitly　Poisson's　equation (2・3) in　order　to

check　the　valid!七ｙ　of　quasl-neutrailty　assumption, n.～　ｎｅ゛

assumed　in　the　earlier　literatures　and　also　to　avoid　the

numerical　instability　in　the　Initial　stage　of　numerical　oalcu-

latlon.　　We　neglect　the　production　and　loss　of　charged

particles　in　Eq (2.2), since　these　processes　are　much　slower

processes　than　that　of　the　instability・
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ｌ

工工工.Description　of　System

　　　　　The　geometory　considered　Is　shown　In Fig.　２．１where　the

gradient　of background　plasma densi七ｙ 7nQ　and 5o　are respective-

１ｙ　In the ｚ and X directions, and Eq　lies　on the ｙ“　ｚ　plane
゛

I.e.,

　　　　　　　　　　　　　　　　dnQ

∇"o = (0, ０９ ａ：->≫ So °（BO゛O゛O）゛JO°（O゛ EOｙ゛Ｅｅｘt）

This　coflgura七ion　is　adopted　In most　of　the　previous　works

of　the　cross-field　Instability, and may well　correspond　to

geomagnetic　equatorial and　auroral　regions　of　the　ionosphere

and　even　to　ａ reflex arec。

　　　　　Sincewe　are　interested　In　one-dlmenslonal　model　in　this

chapter, only　the　ｙ dependence　of　variables　Is　considered.

Accordingly, the　Induced electric field E is　In the ｙ direction,

I.e., E °(0, Ey(y,t), 0).　　As　usual　the　variables n^^,ぶare

divided　into　two　parts　In　the　following way,

　　　　　　　　　　"a°ｎＯ(ｚ)十Ｒｃｚ(ｙ″ｔ)．

　　　　　　　　　　ｖａｙ°Ｖ(ｘｏｙ＋Ｑａｙ(ｙ″ｔ)ﾀ

　　　　　　　　　　ｖ(ｘｚ°aoz十Vc,_(y,t),

(2・4)

where　the　first　terms　on　the　right　sides　represen七　theunper-

turbed　state　and　the　second　七erms　the　perturbed　state　from

the　equilibrium.　　We assume　the background　density　dlstrl-
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butlon　of　exponential　type, e , along　the　ｚ　direction, with

scale　height *<:"■'■,　that　is,

１
町
Ｆ
°Ｋ９ or ｎＯ° No ｅＫｚ where　No °nQ(z=O) (2.5)

because　this　type　of　distribution　is　easy　to　analyze　七he　insta-

blllty　In ａ　linearized　version and　to　compare　the　growth rate

of　the　linear analysis　with　that　of　the　computed result.

Further, we　shall　confine　ourselves　to　event　with　frequency

much 1°゛ｅｌ゛than ｙ１８１１ｄ％１（１°１１cyclotr゜１１freq゛ency)゜　The

Inertia　term of　electrons　In (2.1) can　Justifiably be neglected.

bua　that　of　ions　is retained　for　safety.

　　　　Under　these　circumstances, (2.1) to (2.^) give　the

following　equation　to be　solved,

V（xoｙ°ｐ;Ｅｏｙ＋11;Ｅｅｘｔ“　ｐ（XBOD2K゛

＼0z °“　μaEOｙ十μ;Ｅｅｘｔ‾ＤｊＫ　　　　　ａ゛ｅ″iク

％ｙ°‾ぺ:り‾
茫冷

゛”ｅ％I）r（≒

ン

ー’O・

^ez ゜一々ｙ－リ嘩浄－I)r(≒ンー・)，
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1

Ｍ’iｙ　　　　　　　　　　　　　　　　D^9 ?11

V. at ° 1ji（BOｔi2 ゛E ) - V -

―
一
り

■where

i

!FtΞ゜“μiBO々iｙ‾々i2’

D1（寺浄-K ),

　
　
　
０

ｅ
一
巳

　　　　＿　　e≫cμ　　--･-

　(゛％゛cχ　・

｝

％ こ~
　　　％､､α　″

μ71°μ;(μ(XBO)s　Hall mobility

I)2＝
＿　　Ｓ

１十（1j（XBO）2’

Hereafter we　represent　ｄｎＯ／(１ｚby　ＫＮＯ°
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工V. Machine　Calculation

　　　　A.Scaling

　　　　Before　the　machine　calculation, we　perform ａ　scaling　of

variables　appeared　in (2.6) as　follows;

ｎ＝Ｆ　て＝

ｙ
ｔ＝永， (２・８)

゛here Ｌ ° 1な゜（1 /riQ d゙nQ /ｄ２）‘19 Vq ’μａＥｅχt°V0 1ｓ ｓ Hall

speed　of　electrons, and　ａ constant　巳１ｓ　Introduced　for　con-

venlence.　　Density and　electric　field　are　scaled ty

pj: (n″て）゜

(y(ｎ，て)＝

n. (y″ｔ)

匹‾
ｆ Pe

　　　　Ｒ（ｙ,ｔ）

(n,T) =二二
　　　　　No

, oo (n,T) = ―J^　・
　　　　　　　　　　Ｅｅχｔ

The　dlmenslonless　new velocities　are

ｆ

(2°9)

ξeO °

y12Z

″
ho ゛
y42Σ

″ζeo ゛1MIΞ″ζiO °

y42Ξ，

こ　＝
　ｅ

忿
″り゜

Qf
″ζｅ°

Qr　
″ζｉ °;l尽．
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By　making use　of (2.8) to (2.10), (2.6) Is　reduced　to

とｅＯ°１十
外
鰐

ら．０゛Ｂ３(１‾

- Vo ゛

Ｂ１

-
Ｂ２

十Ｂ２(ｙＯ
゛

ＣｅＯ°“Ａ１’Ａ２’ぴＯタ

ζ10 °‘

?e
こ　∽

B1

り
町

十Ｂ２ - Vo
９

爽A2(y＋i‾
1ﾝ≒

こ(
　　　　　　　　　ｅ

ζｅ°A1‾び‾

久
（１十

　　　　　　　　　　　ｅ

95..
融＝・11

１　　　I 3p

－一一Ａ２　ｓ珊

　１　　3Pe

一一）ＳＡ２　3n　タ

;:こ

i“こi＋{1＋(
:と

)2}(B2(J‾
ぺ

an '' >

謳

゛’C1【

;と

とi＋Ci＋B111＋（
R1）2｝（
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ｼﾞ゜’ε　１　こｅ＋（　1＋pe）

舒卜　゜C2（　Pi - pe^

where

∂こｅ

て 十（１十こｅ）

1

,t

9Pe
こ

8Pi
て

1

，

A1 °冷″　A2 °　濡″　B1 ゛巾″　B2
°
Hi

″

　　　　　.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｈ

Ｂ３ °Ell″c1 °Ｔｖi″c2°石jぶ2こ7‘

(2　。12)

(2　・13)

Note　that (2.11), (2.12) and (2.13) are　the　equations　of

motion, continuity, and　Poisson's　equation, respectively・
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　　　　B.Numerical　Ｐ：rocedure

　　　　工ｎ　the　previous　work　of　one-dimensionalmodel by　Sato

and　Tsuda(1967), used was　ａ　spatial　Fourier　七ransformation of

variables.　　They　solved　equations　under　the assumption　of

quasl-neutrallty　and　therefore did　ｎｏ七　use　Polsson's　equation.

On the　contrary, we　Integrate (2.11) to (2.13) In real　space

(ｙ，七)．　　　Hence,the　wave-wave　interaction between　harmonic

　　　　　　　　　　μwaves cannot,o:ecogniza< explicitly. For numerical computation,

length n and time て1ｓ divided　Into

ri = m^n　　　ｍ

て＝ｎ 奴

＝０，

n = 0 ９

１，

１，

２，

２，

●●●●●

●●●●●

９

９

where A皿　and Aで　Indicate, respectively, the mesh width and

time　step.　　(2.11) to (2.13) are　then replaced by　finite

difference　equations.　　The "boundary　condition　of　the　ｙ

direction　is　taken　to be　periodic　on ａ　scale　length ｌ　. i.e.,

ｆ（１＝ｏ，て）＝ｆ（７＝ｊ，で），

where　ｊ ｓ Ｍ△ｌ　．　The numerical procedure for the one-time

step　is　as　follows.　　First, Initial density　perturbations,

fe and ｆ１゛ａ:re　substituted　1n （2°11) with °゛’0.　t° obtain 1e9

Se9　乞１ and ｈ’　　Then, (2.12)　１ｓ　solved　to　know　the new ４

and A　after ｊｌ　and 0"ヽ・１ｓ　determinedby (2.13).　　These　new

3?



variables　are　again　substituted　in (2.11) to　obtain new

velocities. Same　procedure　Isrepeated as　long as we need*

　　　　When　the　number　of　cycles　of　calculation　Increases,　we

should　always　pay　attention　to　the　accumulation　of　errors

originating from the unsuitable choice ｏｆ乙７ａｎｄ･･1て:，．　　工七，

１ｓnecessary to selectふｔ to be far smaller than the shortest

characteristic　period　of　the　system　concerned.　　This　period

of　our　system　is　the　ion　oscillation　as　is　easily　seen　from

(2.11) to (2.13).　　０ｎ　the　other　hand,△々　maybe　determined

from　the　requirement　that　how many　higher　harmonics　of　funda-

mental　wave　is　necessary　ｆｏヱヽthemanifestation　of　nonlinear

evolution of　the　instability.　　　That　is,the　smaller4^ becomes,

the more　the number　of　modes　considered　increases　and　inevl-

tatlyムで　１ｓ　required　to　be　smaller.　　　Attention　shouldbe

paid　especially when we want　to　know　七he　strong　turbulence.

which　is　of‘our　interest, originating　from mode　coupling・

Thus, whether　or　not we　have ａ meaningful　solution　of　equa-

tions　largely　depends　on　the ability　of　the　computer at　hand.

　　　　　C.Computed　Results

　　　　　Since　some　numerical　computations　of　one-dimensional

model were already　performed hy　Sato　et al., we　confine

ourselves　to　the larger dc　electric　field, E
^t≫
than　the

previous　works, and　supplement　some　conclusions　in　the　follow-

ing　section.
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Table. 2.1.　Parameters　of　computation.

Parameters

Ｓ

び０

Ｔ

ＡＩ

Ａ２

ＢＩ

Ｂ２

Ｂ３

ＣＩ

Ｃ２

△て

　　△ｎ

Ｅｅχt/^cO

Value

:L/90

５×１０‾3

16

1.73×１０’９

２×１０‾3

3.92×１０‾8

4.55×10-2

2.08×１０“3

6.4×104

4.52×１０８

６×１０゛７

６×１０‾６

3.33×10

1.3×１０７

for　て＝Ｏ　～　2.52×１０‾４

for　Ｔ　＞　2.52×１０‾４

－３
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We　took　^eit ＝２×１０'２ V/m, K= 1/(5 × １０５)／ｍ．　　Such ａ

large　electric　field may　exist　in　the　auroral　ionosphere・

though　the　system concerned　in　this　paper　Is　not necessary

pertinent　to　that　region.　　Ｗｉｔｈ＆ＢＯ’｀’５｀１０２・　肖.BOり４．６べ

１０ｓ２ °゙e ’ ７°６× 10* Ｄ１ ’ ６°８７ t゙he coefficient Ａｌ　to　Ｃ２are

listed in Table ｌ where £ and o^ are also tabulated.

　　　　As　the　initial condl七ion of densities, ^ and ？1゛ we

imposed　ａ monochroma七lc (sinusoidal) disturbance　whose　wave-

number and amplitude are ２几／0．０８Ｌand ０．01 (1 % of the back-

ground density), respectively.　　Note∠χ|て七〇 be far ｓｍａ万Her

than　the　ion　oscillation period (5.2 ×１０’５　in normalized

time).　　Ail = 3.3 × 10-3 means　that　the　fundamental waveleng七ｈ

（0．08L）１ｓ　divided　into　２４ meshes.　　According　to　linear

analysis, the linear ｇｒ°゛th time Is　でＬ ゛ ４°７（⌒’７５sec In

real　time).

　　　　Shown　Is　the　computed result　in Fig. 2.2　through　Fig. ２．４．

工七　１ｓ　observed　that at　the very beginning　of　the　calcula七ion

an　１０ｎ　oscillation appeared, but after ａ　few cycle　of　the

oscillation　it disappeared　due　to　the　１０ｎ　－　neutral　collision

damping.　　　　After　the death　of　the　transient　ion　oscillation,

△で　was　increased　from 6 >く10-7　to　６べ１０‘６．　　１ｎsuch ａ large

electric　field as　this,　the　two-stream　instability might　occur

However, its　occurrence　is　inhibited　１ｎ our　case because　the

wavelength　of　the　two-stream modes　Is　shorter　　than　the　mesh

size. Further, we could make sure of the equality of fe and

　　　　　　　　　　　４０
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２。2. Time　evolution　of　the　density　perturbation

　　　Pe　versus　distance　ｎ　is　shown　for　Ｅｅｘｔ／ＥｃＯ°

１。３×１０７．　　　The　initial　perturbation(t=0)has　the

wavelength　of　0.08.　　工ｔ　is　seen　that　the　perturbation

is　localized　at　T=17.9.
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Fig. 2.3.　　Time　evolution　of　the　electric　field　per-

turbation (a) .　　び　versus　distance　n　is　shown　for

Ｅｅχｔ／ＥＣＯ°1.3x10''.　　By comparing with　Fig. 2.2, it　is

seen　that　the　electric　field　perturbation　is　more

likely　to　be　localized　than　the　density　perturbation.

Note　that　the　localized　form　is　very　similar　to　the

square　of　ａ　hyperbolic-secant　function which　is　ａ

solution　of　the　Kortweg　de　Bries　equation.　　The　small

scale　irregularities　on　七he　curve　of　T=17.9 may　be　due

to　numerical　instability・
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Fig.　２ 。４．　　Time　evolution　of　the　peak　values　of　the

density (p )　and　electric　field （び) perturbations ．

Pe　and a　versus　time　て　are　shown　fo ｒＥｅχｔ／ＥｃＯ°1.3x

１０７．　　Absolute　values　are　shown　for　the minimum.

てＬmeans　the　linear　growth time.　　The　straight　line

ｅて/-L　is　drawn for　the　reference.　　工七　is seen　that

after　でてＬ the　perturbations　grow while　gradually

deviating　from　e-/-L.
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．／

タ１　to８ high degree (i.e. , quasi-neutrallty)。

　　　　Fig.　２．２　shows　the　七lme　evolution　of　the　density　per-

turbatlon　ｊｅ‘　　At the　initial stage, up　ｔｏで＝　10,the　per-

turbation grows with　the　linear growth　七ime　'^L as　it propa-

gates　along　the　々　direction:　The　initial　perturbation　keeps

the　sinusoidal　shape　for　ａwhile,　though　the　amplitude　is　grow-

ing.　　　But　as　times　go　on　further,nonlinear mode　coupling

"between higher harmonics　acts　so as　to　deform the　shape　as

seen in Fig. ２゛２and 2.3; at て゜１７°9the peak amplitude of　/=

attained　to　ａ　percentage　of　ｓｅveral　tens　of　the　background.

Thereafter　the　system was　broken down by　numerical　Instability。

　　　　The　time　evolutionof　the　electric　field　pertuiヽbation

is　shovm　in Fig. 2.3.　　Ａ curve　of　the　square　of　hyperbolic-

secant　function　is　drawn　for　reference.　　From　this　it　is　seen

that　the　localized　form　Is　soliton-like.　　Some　indication　of

numerical　instability　is　seen　on　the　curve　of　て＝　17.9。

　　　　Fig.　２．４　shows　the　time　evolutionof　the　peak　values　of

the　density　and　electric　field　perturbations.　　Also　shown　is

the　straight　line　ｅ？でＬalong which perturbations　would　grow

if　the　deformation　did not　occur.　　The　result　indicates　that at

the　Initial　stage　the　perturbation　grows　with　the　linear

growth timeてﾐＬ°４’７b゙ut after でＬIt deviates　from　the　linear

growth due　to　the action of　the mode　coupling as　expected。

　　　　Though we had ａ numerical instability after the time　ｔ＝

17.9, this　instability　could be　overtaken by　taking　smaller

仙



mesh width　£ﾀ．　　Thus, a　pursuit　of　strong　nonllnearlty

requires　the　inclusion　of　more　higher　harmonics　of　ａ　funda-

mental　wave (I.e., smaller　汐１　),accordingly　more　computa一

七lonal　time　is　needed.　　Nevertheless, we　have　some　indication

of　the　onset of　strong nonllnearity at　time　で＝　１７・9,though

we　could　not　know　the ultimate　fate　of　the　instability・

V. Discussion

　　　　We　have　investigated　the　time　evolution　of　the　cross-field

Instability　for　an　extremely　large　external　electric　field

different　from　the　previous　works。

　　　　Here, we　shall　review　some　essential　points　of　theoretical

results of the cross-field instability made by Sato(1971).

When ^ext exceeds　ａ　certain　threshold　value E Q, drift　modes

lying　on ａ dispersive　part　of　七he　dispersion　curve becomes

unstable.　　Further, when　^ext becomes　larger　than Ｅｃ１(ンＥｃＯ)゛

the　mode　coupling　acts　to　destabilize　unstable　waves, resulting

In　explosive　instability.　　　工ｎ　this　case, the　theory　falls　七〇

give　precise　Information　on　the　fate　of　unstable　modes.　　The

value　of　^cl　Is　given as ａ　solution　ｏｆが｡＝０，芦ｂｅｉｎｇthe

mode　coupling　element (see　equation (４５)ｏｆ Sato(1971)*^)。

゛）　3£　ofequation m-5) should be read as (5X　- 6)e .
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工ｆ　^ext　Is below ^cO' ａ１１　七hemodes　are　stabilized by　diffusion。

　　　　工ｎour case, ^cO ゛ １°４６× 10-9 V/m and ^cl ’３９ＥｃＯＶ／ｍ‘∇

ＡｃｃｏｒｄｉｎｇｌｙＥｅｘｔ～１゛３》く１０７　＼qV/m, far greater　七ｈａｎＥｃ１’

Therefore, theory　predicts　that　the　system will　suffer　explosive

instability.　　Also　the　theory　tells　that　the　system would be-

come　explosive at　ａ certain　finite　rime でｅｘｐ’　　Our　parameter

used　for　the　numerical　computation gives　２１　as でｅｘｐ°　　We

have　already　stated　that　numerical　Instability　occurred　at

で～１８．　　Thus the appearance of numerical instability might

reflect　some　Indication　of　the　onset　of　strong　mode　coupling

or ａ　strong　turbulent　state, and　therefore　the　theoretical

explosive　time　てexp would be ａ good indication　of　the　onset　time

of strong turbulence。

　　　　The same calculations were performed for other parameters;

Ｅｅχｔ／Ｅ。Ｏ= 3.3, ５’４９１６‘５９３３９５４（Ｓ゛ｔ° et ８１°9 1972°　Ｎ°te

Ｅｃ１～１２　^cO　１ｎ　these　cases)゜　The result was　that ａ　saw-

tooth (shook-llke) solution was　achieved　for ^ext/^cO °３°３９

5.^, and　that　the　solution became　localized and　sollton-like

for　Ｅｅχt/^cO　°　１６°５９　３３　and　５４‘　　　That　is,　the　systemunder-

went　ａ　transition　from weak　to strong　nonllnearlty　when　^ext

was　increased beyond　Ｅｃ１‘　　　工七　should be　noted　that　ａ　localized

and　soliton-like　solution was　obtained　In our　case, though

we met a　numerical　instability　after ｔ＝　１８．　　This　fact may

indicate　that　the　localized　perturbation maintain　its　form

and　may　eventually be　collapsed, thereby　forming　ａ　strongly
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Turbulent　power　spectrum　of　density

versus wavenumber　ｋ　ｆｏｒＥｅχｔ／ＥｃＯ°　54 (Sato, Ogav゛゛１　°nd

Matsuda, 1972).　　　The　error　bar means　the　amplitude

distribution　in　ａ　turbulent　state.

clearly　that　the　spectrum　obeys ｋ‾３
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turbulent　state.　　Fig.　２．５　shows　ａ　typical　turbulent　spec七rum

of　density　fluctuations　which obeys　ａ　power law of ｋ’３as

obtained　for Ｅｅχt/^cO °54 (Sat°et al°9　1972). From　this

figure　ｉｔ万may be　inferred　that　the　spectrum for　the　present

ｃ８万se(Eχｔ／Ｅ。Ｏ’１°:31×107）7”万゜yalso　obey ａ power law of k-^　，

perhaps　being　harder　than　that　of　Fig.　2.5.　　　Note　that　the

spectrum for ^ext/^cO °３゛３　and５‘４did not　obey ａ ｐｏ゛er　１８゛

but　softer　than　k-3.

VI. Conclusion

　　　Nonlinear　evolution　of　the　cross-field　instability　which

occurs　in an　lnhomogeneous ， magnetized　weakly　ionized　plasma

has been　investigated　numerically.　　　工ｔ　is　found　that　for　an

extremely　large　external　electric　field　ａ　perturbation　grows

and　results　in ａ　localized　and　sollton-llke　form　in highly

turbulent　state (strong nonlinear!ty).　　　Unfortunately, we　met

ａ　numerical　instability.　　　Nevertheless, thlｓ　numerical　insta-

bility　seems　to　indicate　the　onset　of　an　explosive　instability

through　many-mode　couplings ， whose　aspects　would　be disclosed

If we　took ａ　smaller mesh　size。

　　　　　Poisson's　equation and　Inertia　term　of　ions　were　included

In computation　and　we　could　check　the　validity　of　the quasi-
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neutral　assumption。

　　　　　The　Important　role　of　the　cross-field　instability　Inan

ionospheric　Irregularity　and　ａ　laboratory　plasma　has teen

pointed　out by many authors.　　In　the　ion cloud　experiments

made by Davis(1971), it　is　found　that　the　turbulent　evolution

could　be　well　explained by　the　nonlinear　theory　of　this　insta-

blllty.　　　Auroral　arcs, where　strong　elec七rlc　field, say　of

２×１０
－２

V/m, exists, as　well　as　the　equatorial　Ionosphere,

may　be　susceptible　to　the　instability.　　　Ａ１１　of　these　can

be better understood by　the　consideration　of　the nonlinear

stage　of　the　cross-field　Instability。

　　　　We　have　concerned　ourselves　with　one-dimensional　model.

but　two-dimensional　solution　Is　highly　required　in　order　to

know　how　the nonlinear quenching will be achieved　１ｎ nature

and　to　compare　the　theory　with　the　observed results*　　This

Is　the next　problem　to be　solved.

4･9



　　　　　　　　　　　　Chapter　３

　　　　　　　　TWO　－　Ｄ工MENS工ONAL

NONL工NEAR　CROSS　－　Ｆ工ELD　工NSTAB工Ｌ工TY

工. Introduction

　　　　One-dlmenslonal　model　has　been discussed　In　the　previous

chapter.　　We　try　here　to　extend　one-dimensional　model　to

two-dimensional　one.　　One-dimensional　model　was　good　enough

to　clarify　the　role　of　wave-wave　interactions.　　However, the

cross-field　Instability　Is　essentially　two-dimens i onal　as　can

be　seen　in　１七ｓ　physical　picture.　　Therefore, the　nonlinear

interaction　of　unstable　waves　with　the　energy　reservoirs,

Ｖ "o and Ｅｅχ., must be　taken　Into　account。

　　　　As　was　discussed　already, the　nonlinear　quenching　of　one-

dimensional　model　was　achieved　only by　the balance between　the

energy　supply　from reservoirs　and　the　energy　dissipation

owing　to　mode　coupling.　　　０ｎ　the　other　hand, Sato　and　Tsuda

(1968) and　Tsuda　et al.(1969) showed by　their　computer analysis

that　the　two-dimensional　nonlinear　quenching was　partly　caused

by　the　cancellation　of　applied　electric　field　due　to redis-

trlbution　of　charged　particles　through mode　coupling・

Namely, the　saturation　of　growing waves　Is　well　correlated with

七he　vanishing　of the　electric　ｆｉｅｌｄＥｅｘｔ゛　　They　also　infer

that　the　system might be　transient　or　recurring.　　　That　is.
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ａ　large　amplitude　irregularity　developed　from ａ　small　Initial

fluctuation will　decay after　the　condition　of　the　vanishing

of　^ext　is achieved, because　the　energy dissipation　from

ｓ”｀万aller　to　largerwavenumber　components　due　to mode　coupling

is　still　operating;　at　the　moment　of disappearnace, however。
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ｅ
the condition of Instability growth may be retrieved.　This

Inference differs　from　the　result　of　the　one-dimensional　model

that ａ　rather　steady　state　is　achieved　１ｎ　such ａ way as　was

described　previously.　　　These results　are　quite　interesting

since　七hey gave ａ　first　step　七〇disclose　the　process　of　the

two-dimensional　nonlinear　quenching・

　　　　Hooper(1970, 1971) studied experimentally the １０ｗfre-

quency, rotational　oscillation　present　in ａ reflex arc.

The　oscilla七１０ｎ　observed was　lden七lfied　as　arising　from　the

cross-field　instability.　　　However, a discrepancy　with　the

computer analysis　was　found　concerning　the nonlinear quenching

(qausl-llnear effect);　he　states　that　the　instability was

shut　off by ａ　plateau forma tlon　In the density　profile

whereas　Sato　and　Tsuda ･s　computer analysis　says　that　the

quenching　Is due　to　the　plateau　formation　In　the　potential

　「ptoflle.　　This　discrepancy　seems, however,七〇　be　not　so

surprising, since　the boundary　conditions　were different　each

other.　　The boundaries　in　Hooper's　experiment are　electrodes

(conductors) but　those　in　the　computer　analysis　are　free bounda-

rles. In　the　latter　case,　七〇　which　the　Ionosphere may　corre-
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spond, it may be　said　that　the　charge　separation, resulting

in ａ　plateau　formation　In　the　potential　profile, Is　formed

more　easily　than　the　transport　of　charged　particles by which

ａ　plateau　in　the　density　profile　Is　formed*　　In　the　former

case, however, excess　charges　accumulated at　the boundaries

will be　short-circuited by　the　external　circuit, so　that　the

flattening　of ・the　potential　profile may　not be　so　significant.

０ｆ　course　we　shouldremember　that both　processes (i.e.,

flat七enIng of the density and of the potential) may take place

at　the　same　time, depending　on　the boundary condition used.

Also　Hooper's　experiment　found no　indication　of　the recurrence

(relaxation-type behavior) lnffered　from　the　computer analysis。

　　　　Ａ：rtificlal　plasma　cloud　experiments　In　the　Ionosphereby

Davis(1971) are　in favor　of　the well-developed cross-field

instability　and　show　some　tendency　of　the recurrence。

　　　　Kimand Slinon(1969) developed ａ quasllinear theory　In ａ

weakly　unstable　limit and　found　the density　flattening・

Hooper(1970) studied　the　convection nature　of nonlinear　oscll-

latlon.　　His　result may　well describe　the　system　１ｎ　thequasi-

linear　regime。

　　　　Recently, Sa七〇(1971) has　made　an analytical　study　in

which　discussions　were not confined　to　those　of　Kim and　Simon

and Hooper, but ａ more general case, i.e., the　competition

between quasilinear　effect and mode　coupling, was　considered.

Some　important　conclusions　are ａ８follows:　The　system　eiperi-
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ences　two　types　of transi七ion when　the　external　ｐａｒａｍｅｔｅｒ゛Ｅｅｘｔｌ

is　increased　from zero　to　infinity.　　Eelow ａ　critical　value

^cO　of　the　parameter　any　perturbations are　stabilized, but at

the　crltioal　point　the　system makes　ａ　soft-type　transition.

When　the　parameter ^ext　Is　Increased beyond　the　critical　point

^cO　the　system meets　another　transition point　Ｅｃ１‘　　For ａ

certain　value　of Ｅｅｘｔｂｅｔｗｅｅｎ^cO　and Ｅｃ１゛ａｎunstable　wave

reaches　ａ　finite amplitude.　　ＩｎｃｒｅａｓｅＥｅｘｔｂｅｙｏｎ(１　Ｅｃ１゛ｔｈｅｎ

waves　can no　longer ｒｌｅ”aalnat ａ　finite amplitude but diverge

within ａ　finite　time;　he　calls　this　an　explosive　instability・

This　transition　is　caused by　the　mode　coupling　process　which

acts　to　destabilize　the　Initial　unstable mode.　　He　says　also

that, when unstable waves　retain　finite　level, both　the　quasi-

linear and　mode　coupling　processes　stabilize　them, and　that

which　process dominates depends　upon ^ext and upon　other　two

parameters ，　りく｡and　ｌ　where　ａ＝ｓＭｐ/ＭＨ゛£゜＼mb/^cO ”恥Ｋ; /M .

When・CIく1, the nonlinea：ｒ behavior Is mn inly controlled by　the

quasilinear process, whereas for larger CL and　６ the mode

coupling　process　also become　important.　　Though　Ｓａ七〇　has　made

ａ　mode　coupling　calculation under the　random phase　and　single

mode　approximations, the　theory　developed　shows　an ａ七七raotlva

example where mode　coupling plays　an　lmportan七role　In　the

nonlinear　evolution　of　self-excited　plasma waves。

　　　　　The　purpose　of　七his　paper　is　to　study,　by　computer夕　how

ｂｏ七ｈ　the mode　coupling　and　the　quasillnear　effect　plays　parts
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1ｎ　七henonlinear quenching　of　the　cross-field　Instability, and

how　the　turbulen七　state　Is　achieved.　　Ａcomputer　study needs

no　！！!!PC assumptions　about　the　time　evolution　of　the　system,

contrary　to　the　theoretical　studies　described above.　　Computed

results　show　that an　initial　Irregularity　is　developed　into

strong　turbulent　state, and　ｔｈａ七ａplateau　Is　formed　In the

density　profile　and/or　the　field depending　on boundary　con-

dltions.　　Some　tendency　of　the　recurrence　Is　also　found.

工工．　Basic　Equations　and　System

　　　　Thebasic　equations　considered　here　are　different　from

those　of　the　one-dimensional　model, 1・ｅ・,the acceleration

(inertia　terms) can be　neglected　In　the　equations　of　motion

of　electrons　and Ions.　　Polsson's　equation　is　not he　taken

Into　account, since　the　use　of　quasi-neutrailty assumption

has been verified　in　the　one-dlmenslonal　model.　　Our　concern

is　to　events with frequency far lower than　ｙｉ and　ωＨ１゛

This　allows　the neglectlon of　the　acceleration　terms.　　Thus ，

the governing equations are given by （１ｎCGS EMU units)
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Fig.　３．１．　　　Coordinate　system.　　Two　boundaries　are

set　at　ｚ＝Ｏ　and　兌．
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(Ｘ°e.　エタ

(３･１)

(3･2)

･where　the　same　notations　are used　as　in　七he　one-dimensional

model, unless　otherwise　specified.　　The　configuration　of　the

system　is　shown　in Ｆｉｇ・　3.1.　　Twoboundaries　are　set at　ｚ　＝
　　　　　　　　　　　　　　　　　　　　　　　　　　dn
０９ｊ ．　Ｎ°te that VnQ ゛ (０９０９

Ｆ)９
ｊｅχｔ= (0, ０９Ｅｅχｔ)

and !}Ｏ＝(Ｂ０９０９０)．

　　　　In　the　one-dlmenslonal　model, the background　density

distribution　la　assumed　to　be　exponential　type nQ(z)゜Nge
Ｋｚ゛

工ｎ　the　two-dlmens i onal　model, however, two　types　of　the

background density　distribution are　considered:　One　is　expo-

nentlal　type　and　another　is　hyperbolic　tangent　type.　　　The

difference between　these　distributions　is　that　dnQ/dz at ｚ ゛Ｏ゛

ｊ　is　far　greater　for　exponential　type　than　for　hyperbolic

tangent　one.　工ｎ　the　latter distribution we　can regard approxi-

mately dng/dz ｇｔ２°０９　Ji as zero.　　This　means　that　as　is

seen　from　linear analysis　the　cross-field　lnstabili七ｙ　does　not

occur near　the boundaries.　Accordingly, we　can　see　that　turbulent

state　appears　all　over　the　regions　of　ｚ　in　the　exponential

ｄｉｓ七rlbution but　in　ａ restricted　region　of　z, I.e., In　the

middle　region　in　the　hyperbolic　tangent　distribution.　Ｉ七
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may be　said　that　the　former and　the　latter ｄｉｓ七ributions　are

found　in　laboratory　experiment　and　１ｎ　the　ionospheric　Ｅ　layer,

respectively・

　　　　We applied ａ constan七　Ｅｅｘｔａｌｏｎｇ　ｚ　Inthe　one-dimensional

model.　　This　is　removed　in　the　two-dimensional model;　potential.

Ｖ９１ｓ fixed °nly ｓ七２ ° O゛ j （Ｅｅｘtｍｅ８１１ｓＥｅχt゛（VO“Ｖ£）な９

hereafter unless　otherwise　noted).

　　　　(3.1) is　rewritten as

゛７ａｙ°゛ひｙ ゛ nyj Sｚ －I)lお－1j♂a3n・　　(3.3)

ｎｖ(xｚ°“ｎμaEｙ＋ｎμ;Ｅｚ＋1J(XBO哩背‾D2諮゜　　　(3.4)

Substituting (3・3) and (3.4) Into (3.2), we have

謡ぺ;苓・４等－4苓 ＋
　　She
聡子

－I）j!（1き十今）＝o．（3．5）

(3.5) gives ａ　set　of　equations as　follows.

登ぺ晏ぺ晏ぺ苓ぺ苓

　　　－I）2（1ｼ＋とy）＝o，　(3.6)
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3nE 3nE?;:an:Ξ

- D. ( ＋
B^n
７ ゜0 , (3.7)

゛here ゛ll）ｓぺい‘MI;･ ＭＭ＝μ;－μ?i、 I）よ、＝吋－Ｉ）ｊ．ｅ．　(3.6) is

the　equation of　continuity　of　electrons and (3・7) means

　７゛え゜0,jr being current°　Hereafter E and　Ｅｚ　arereplaced

by ^ °’ Sv/ ay and Ｅｚ°’'bV/d z.　　　Equations　tobe solved

as　an　initial-boundary　value　problem are (3.6) and (3・７）・

However, instead　of　solving (3.6) and (3・7) we　introduce　ａ

spatial　Fourier　transformation with　respect　to　independent

variable　y, because we　are　Interested　in　the　wave-wave　inter-

action between　harmonic　waves　propagating　in　the ｙ direction.

and.　in　thedeformation　of background density　and potential

of　the　z direction.　　We　note　here　that　in　the　two-dimensional

model　of Sato and　Tsuda(1968) and　Tsuda et al.(1969) they

introduce　ａ　spatial　Fourier　transformation with respect　to

ｙ　and　ｚ．　　This　treatmentmay be　appropriate　to　the　case　of

free boundaries.
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工工工. Machine　Calculation

A. Scaling

We　perform ａ　scaling　of　variables　as　follows.

＼'l･　　　!y＝jy， (distance),

where　Ｌ（゜2 7r/k.) is　the　largest ゛avelength　of　perturbation.

ｋｌbeing ａ　fundamental wavenumber, and　ｊ　the　distance　ｂｅ“

tween boundaries,

て＝
七
一
Ｔ
(time) where　Ｔ 。こ

　　　　　　　　　　　　μａＥｅχｔ　゛

j）（7sいて）＝ｎ‘IZぺ^* ' (charge density),

y（7ふて）＝登|なざ1（ｐｏtｅｎtia1），

where Ｎ０　１ｓ　thebackground charge density　at　ｚ °Ｏ°　　Two

parameters of the length, £and <3^are defined by

Ｅ＝
Ｌ
一
皿 ｹﾞ＝な，

where Ｋ７１１ｓthe　scale height　of　the　background charge　density・

(3.6) and (3・7) are　rewritten　in dlmensionless　quantities

defined　above, as　follows.
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A1

“Ｂ３
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4‰

Ｓ
B｡、＝　－1｀’
　3　ぺ;
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ｆ

｛牡（p斜）十ε2矢（p許）｝＝０，

A2　°

喧

‥ｅ
ｆ Ｂ１ °

包

ぺ:
ｆ

Ｂ

(3.8)

(3.9)

£

タ

　　　　B. Numerical　Procedure

　　　　We expand the dependent variables ？（７１，｀５,で）ａｎｄ≠（?,いて）

Into　the　Fourier　series　with respect　ｔｏり　, since　we　are

interested　in wave-wave　interactions･ along　the　ｙ　direction.

Fourier　expansion　is　defined by

pdif Cfて)

Ｎ
Σ

　
・
一

ｎ･＝－Ｎ

?5n(こ″７)ei27｢11≒
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for

We　note

　､fn and

ψ（ｎ，こ,て）＝

Ｎ
Σ

n=_N

i15n（いて. i2TTnn‘

here　that　the　following rela七ions　must be　held

へ
や
n9

/5 - /-n . K゜iZr-ｎ 9

where　●denotes　the complex conjugate.　　(3.8) and (3.9) are

reduced　to

Jy

＋2711;
＝

y

N
511‾゜(2TTimA2 ’ ｅ矢）i15゛1

゛ｅ}謡jLら
'irl(2・im

゛A2ｓ矢)臨}

● Ａ１ε‾
１

（　2
2
十ｓ2
ふ

）5n°Oタ（3°10）

　　　　　　N27｢in
m｣－Ｎら1-m^

27TiinB3 ' Ｂｌｅ矢)‰

＋ｅ{hF{
ｍ

y

-N
Pn-m^ 2t｢i゛B1＋B3ｓ気｣‰}

十B2ｓ'1(爽47｢2n2十ｅ２ふ｣芦ｎ°09

n.　m = -N,°゜･/ -1,　0,　ｌｆ°゛゛ｆ　Ｎタ
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　　　　　　　　　　f､Ｊ　　　　　　　　　　　　　　　　　　　　　　　　　　　　／･Ｊwhere△P and∠χでare　the　increment　of fn and　the　time　step,

respec七ively.　　　Wave-wave　interactions　are　described　as　the

convolu七ion　terms　in the　equations.　　　Here, n and ｍin (3.10)

and (3.11) are normalized wavenumbers.　　Now we davlde　t into

several　meshes. Ａ mesh　point　is　represented ty

ｙｍ°ｍ∠ｌｙ　°ｉｌｓ　ｍ°0,　1, 2,　 M°

ｍ＝　Ｏ　andｍ ＝　Ｍ　correspond,respectively, to　the　lower and

upper boundary 。

　　　　　The　numerical　procedure　for　the　equilibrium　is　as

follows:　　Give　firstly　the　background　distribution of　an arbl-

trary　form.　　Then　the　potential　distribution　In an　equilibrium

is　obtained by　solving (:3.11).　　　The　procedure　for　the　one-

time　step　Is　as　follows:　工nitial　perturbation of　the　density

is　given　to　solve　the　potential by (3.11).　　　Then (3.10) is

used　to　know the　new value　of　the density after ４で　．　　This

is　again　substituted　in (3.11) to　determine　the　potential。

　　　　　工七　１ｓ　self-evident　thatＮ and Ｍ　should be as　large as

possible　in　order　to　avoid　the　numerical　Instability.　　　This

demands, however, large memory　of　computer and much compu-

tational　time.　　As　for　the mode　number　N, the　heuristic

argument　in　one-dimensional model by　Sato　and　Tsuda(1967)

shows　that　the larger wavenumber componen七ｓ（　Ｎ＝４０２ｎン１０）

are　not　energetic　enough　to change　the gross　dyn£゛mical

behavior of the small wavenumber components （１０２n"21) through
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Table　3.1.　Parameters　of　computation.

Parameters Case　１　　　　　　　　　　　　　　Case　２

　　　　ＡＩ

　　　　Ａ２

　　　　ＢＩ

　　　　Ｂ２

　　　　Ｂ３

　　　　(Ｚ

　　　　ｅ

　　　　(Ｊ

　　　　Ｎ

　　　　Ｍ

　　　　Ｔ

　　　　△こ

　　　　△Ｔ

Ｅｅχt/^cO

　　　　９．４×１０‾３　　　　　　　　　　　９．４×１０‾３

　　　　1.03×１０‾２　　　　　　　　　　1.03×１０‾２

　　　　　　１　　　　　　　　　　　　　　　　　１

　　　　1.83×１０‾２　　　　　　　　　　1.83×１０‾２

　　　　4.05×１０“２　　　　　　　　　　4.05×１０‾２

　　　　4.05×１０゛２　　　　　　　　　　4.05×１０‾２

　　　　　　２　　　　　　　　　　　　　　　４χ１０‾１

　　　　２χ１０‾１　　　　　　　　　　　　　２χ１０‾１

　　　　　　８　　　　　　　　　　　　　８

　　　　　　６　　　　　　　　　　　　　８

　　　　４．･４×１０３　　　　　　　　　　　　８．８×１０２

　　　　1.67×１０‾１　　　　　　　　　　1.25×１０‾１

1.14×１０‾２　、２．３×１０‾３　　　２．８×１０‾２’~　２．３×１０‾３

　　　　　　１１　　　　　　　　　　　　　　　　１１０

ψo(]リＴ)

巾O(O'1)

pO(1″て)

pO(O″て)

　　　　－０．５　　　　　　　　　　　　　　　-2.5

　　　　　０　　　　　　　　　　　　　　　　　　０

　　　　　ｅ(ｙ　　　　　　　　　　　　　　　　　ｅ(ｙ

　　　　　１　　　　　　　　　　　　　　１

?５ｎ(Ｏ″て)司５ｎ(１″て)祠ｐｎ(Ｏ″て)゜i15n(1'て)゜Ｏ　　１１°１　'Ｎ

　工nitial

condition

　　ｐＯ(ζ″Ｏ)゜ｅ(ｙこ

Re　?５１(こ″Ｏ)゜１０“２ｐＯ(ζ・0)xsiniTC

ｪm Pn (C・Ｏ)゜'０

　　?５ｎ(ζ・Ｏ)゜Ｏ　　　n= 2～Ｎ
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Table　3.1. (cont.).

Parameters Case　３　　　　　　　　　　　　　　Case　４

　　　　ＡＩ

　　　　Ａ２

　　　　ＢＩ

　　　　Ｂ２

　　　　Ｂ３

　　　　(χ

　　　　ｅ

　　　　(ｙ

　　　　Ｎ

　　　　Ｍ

　　　　Ｔ

　　　　△こ

　　　　△て

Ｅｅχt/^cO

　　　　4.69×１０‾３　　　　　　　　　　　6.25×１０７｀４

　　　　1.03×１０‾２　　　　　　　　　　　1.03×ﾆＬＯ゛２

　　　　　　　１　　　　　　　　　　　　　　　　１

　　　　9.13×１０‾３　　　　　　　　　　　1.22×１０゛｀３

　　　　4.05×１０‾２　　　　　　　　　　　４‘．０５×１０’２

　　　　4.05×１０‾２　　　　　　　　　　　４‘．０５×１０’２

　　　　5.52×１０‾１　　　　　　　　　　　２．１×１０’１

　　　　3.91　　　　　　　　　　　　　　　　2.93

　　　　　　　８　　　　　　　　　　　　　　８

　　　　　　　１４　　　　　　　　　　　　　　　　　１４

　　　　2.42×１０３　　　　　　　　　　　　2.75×１０２

　　　　７．１×１０‾２　　　　　　　　　　　　７．１×１０‾２

1.65×１０’２　～　８．３×１０’３　　　９．１×１０’３　～　７．３×１０‾４

　　　　　　　１１　　　　　　　　　　　　　　　　　　５５

ψO(1″で)

％(Oμ)

po(1″て)

po(ogr)

　　　　－１．８２　　　　　　　　　　　　　　　　-4.78

　　　　　０　　　　　　　　　　　　　　０

0.125(9十tanh lF)　　　　0.25(5十tanh§･)

0.125(9十tanh(-|･)}　　　　　　1

　?5n(Ogr)鰯ｎ(１″Ｉ)吋n(Ogr)吋n(1gr)゜O　　n°1｀N

　　　ｐＯ（こ″Ｏ）

工nitial

condition

　１，

0.125(9十tanha (i;-h >　　　0.25{5十tanha{r,-j) }

　　　　Reら.(いＯ)゜!O" pQ(c,0)xsin7rこ

　　　　ｪm p,(?,0)゜0

　　　　　5n(いＯ)゜Ｏ　　Ｉ｀１°２｀Ｎ
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wave-wave　Interactions.　　According　to　this　argument. It　Is

expected　that　the　time　evolution of　the　system may well be

pursulted with N = 8.　　The mesh number Ｍ of y direction Is

taken ６，８，ａｎ（１　１４．

　　　　C. Computed　Results

　　　　工ｎ　table　３．１we　list　the　parameters used　In the　compu-

tatlon.　　We　calculated　four　cases ，l.e*. Cases　1, 2, 3, and　４．

工ｎ　Cases　ｌand　２ an　lntial "background density　distribution

of　exponen七ial　type,e , is　assumed (see　Figs・　3.11　and　3.12).

工ｎ　Cases３　and ４ hyperbolic　tangent　type distribution　Is

assumed (see Figs. 3.13　ａｎｄ:3．14)．　　We　select　the physical

constants　of　the medium as f^e^O °１０‘゛゛μi^O ’ ３×１０‾‘゛９

Ｄｅ゛４)(１０８９　and　Ｄ１ ° １°３×１０５ which are　appropriate　to

the　lower　ionospheric　Ｅ layer°　　The　ｅ１?ｃ七ric　field　Ｅｅｘ七 and

the　layer width i and　fundamental　wavenumber k-. are as　follows.

　　　Case　　１ Ｅｅχｔ° ２０ emu,　ｊ ° １ km,　　ｋ１ ’ ３°１４×10-5 /cm･

Case　２ Ｅｅχｔ= 200 emu,　ズ゜１ ｋｍ゛　ｋ１° 1.57 ×１０４ /cm,

Case　３ Ｅｅχt° 20 emu, j ° 2 km,　　ｋ１ ° 5.69 × 10-* /cm,

Case　４ Ｅｅχｔ°１００emu, J. °３ ｋｍ゛　ｋ１’ lO'Vcm,
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　　　　　　　　　　　　　　　　ｎ　　　　　　　　　　　　　　　　　　　ｎ

Fig.　3.2.　　　Linear　growth　rate　Ｙ　versus　normalized

wavenumber　ｎ．　　(a) Case　1, (b) Case　2, (c) Case　３，

(d) Case　４．　　Cases　ｌ　and　２　have　the background

density distribution　of exponential　type;　e^^

Cases　３　and　４　have　the　background　density　distribution

of　hyperbolic　tangent　type;　tanhKZ.　　Note　that　except

Case　１　we　took　the　fundamental　wavenumber (n=l)

approx ima tely　equal　to　the wavenumber　at which　Ｙ　is

maximized.
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゛ld　K is 2 × 10“6 /ｃ｀　　^cO 111 the table is given by

"h y゛（芦y）r゛が會）Jy）/Ｍｐ（μtμa゛μ;μTj) (see, ｓｓt°(1971))゜

The normalized time て＝１　１ｓＴ in real time as listed １ｎ

Table 3.1.　Boundary condition (at ｚ＝Ｏ and Ji ) is as

follows;

P(y,o,t) =夕(y ,0,0) = const.,

ｆ（ｙ９もt) = /*(y.i≫O) = const.,

'V'(y≫o.t)゜や(y≫0,0) = const.,

ｙ’（ｙ９λ,ｔ）＝ｙ（ｙ,ｊ，０）＝ｃｏｎｓｔ．．

As an Initial　condition (at　ｔ＝Ｏ）ｗｅgl ve monochromatic　per-

turbation as　shown In　the　table.　　Fig. 3.2　shows　the　ＫＴowth

:rate　versus　dlmensionless　wavenumber n(゜k/k ) calculated by

the　linear analysis (sato, 1971).　　　In　the　following, xe

denote spectral density (瓦J°f m = 1 (1 = 0,1,2...・,M) as ｌ玖ｌｉ

for　convenience.

　　　　　　　　　　　　　　　SpectralDen!μｙ

Cas旦　１　　Time　evolution of　七he　Fourier amplitude　of density

wave Ifj i3 shown In Ｆｌｇ・３・３for m = 1, 3 and 5・　　ｍ＝１and

５　are　themesh　points　next　to　the　lower and upper boundaries,
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Fig. 3.3.　　Time　evolution　of　Fourier　amplitudes

of　density ゛ave （卜５ｎｌ）　for Case　１．　　　卜^nl　versus

time　Ｔ　is　shown.　　The number　labeled on each

curve means　the　normalized waveniamber　ｎ．

Fig.　3.3a.　　　ｍ＝１（こ　＝1/6）．
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Fig. 3.4.　　Amplitude　distribution　of　density wave

(|pnl) for Case １。　卜５ｎｌｖｅｒＳｕＳ　normalizedwave-

number ｎ at ｍ＝１（こ＝１／６）ａｎｄ３（こ=3/6) is　shown

during t=3　、４．　　Two solid curves are drawn for

the　reference.　　工ｔ　is　seen that　卜^nl　obeys　-7/4

and　ｅ‾ｎ at ｍ＝１　and　３　respectively・

　　　　　　　　　　　　　?０



respecti▽ely, while ｍ・　３　１ｓ　the　middle　point.　　　The　fundamental

wavelength was　七aken to be　２ km.　　After　the　linear growth.

１‘?,l　saturates ａｔで＝１．２～１．８and amounts to 5～７男ｏｆ the

background density　ｆＯ°　　As　is　seen, the　system keeps　rather

steady　turbulen七　state　after　the　saturation.　　strictly

speaking,　however.　げ山,５　decreases　slowly,　and around　で＝　５，

呼１１｡Ｓ　star七ｓ　to　increase　and　is　restored　to　the　level　of　the

initial saturati°゛９　ｔｈ°ughIf,I, has　no　such　Indication.

The　computation was　stopped at　で５・７ when ｌ?４ again　starts

to　decrease.　　工ｎ　turbulent　state, we　find rather　regular

１１°dulatlon °ｆlfJl.5.but somewhat　irregular modula七１０ｎ°f iKvU・

Let　us　confine　ourselves　to　the behavior　ｏｆ収11aｒｏｕｎｄで＝３

and3.7: We find that ａ七て＝3 If,Iand l孔ｌ　are decreasing whereas

all other ｌ飛|□ｎ＝:31，41･・・・・,N)are increasing, and vl↓.Ｑﾚ９ﾚversaat

で　=3.7.　　The same behavior also appears in ｔ良い　l孔。１３１．ｓ

not　so　regular ｂｕ七　seemingly random.　　　Noteworthy　is　that　the

decrease　or increase ofぼ.1, ａｎ則丿沁１Ｓｆ０１１０Ｗｅｄｂｙ　the　Increase

or decrease　of　large wavenumber　components　with ａ certain

delay　of　time.　　This　indicates　an　important　clue　to　the mecha-

nlsm of　energy　transfer between the　modes.　　By comparing

＼fX,5 and 1?^L , It is　seen that　the mode coupling　process　Is

more　violent　in　the　vicinl七ｙ　of　boundaries, and quaslUnear

process　Is　more　important　in central regions.　　These　results

are　Justified　judging　from　the　indication of　Ｆｌｇ・　3.11　and

are　consistent　with　Sato ゛ｓ　criterion(Sato,　1971) that　If　^ext
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１ｓbelow ａ critical　value Ｅｃ１゛ｂｏｔｈquasilinear and mode

coupling processes　stabilize　the　unstable　waves;　１ｎ　the　present

case Ｅｅχt/^cl゙ Ｏ’９ａｔで＝０．　　Wenote that the quenching　of

ampll七ude at X= 1.2～１．８１ｓmainly achieved by the falttenlng

of the background density fg, not by the shielding of the

external　electric　field.　　Since　this　point　Is　important,

we　shall discuss　later　in more detail。

　　　　Fig.　３．４　shows　examples　of　amplitude　distribution　versus

normalized wavenumber ｎ between　で＝３～　４．　　Fromthe　figure

it　is　seen　that　七he　turbulent　spectr゛ll工ｎ司瓦こ１９ｓｈ°゛ｓ

an exponential type ｅ’
ｃえｎ（人＝１～2)

at ｍ＝３ and ａ power

type　ｎ
一改
{oL= 3～4) at m = 1 (and ５；not shown).　Again

this　indica七es　that　In　the　neighborhood　of　boundaries, mode

coupling　is　importan七but not　in　the　central regions・

g旦旦旦＿旦　　Fig,3.5　shows　another　computed　example　for an

exponential　background density.　　^ext　is taken　to be　ten

times　larger　than　that　of　Case　１．　　According　to　the　七heory *

this　case　corresponds　to　an explosive　Instability,　because

Ｅｅχｔヵ^cl　゛ １２ＥｃＯ’　＼?iW９ of central regions, saturates

at　T= 1.9 with the relative amplitude of 6 % and starts to

decrease up　to 七he　initial　state.　　０ｎ　the　other hand･， ぼill

and IfJ^ near ■boundaries　once　saturate at　ｌ°２°1,again grow-

ing to １２～15 %'　Unfortunately, we meet ａ numerical insta-

bility at T= 3.4, and therefore ｉｔ is impossible to have
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Fig. 3.5

０

Same　as　Fig. 3.3, except　for　Case　２

１

Fig. 3.5a.

1:

２

ｍ＝１（こ＝１／８）．
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10'1

10-2

1(ｒ5

jL艶t＝110

ECO

]:ヽ4

n‾2

e‾ｎ

　　　　　　　　１　　　　　　５　　　　　　　　１０

　　　　　　　　　　　　　　　ｎ

Ｆｉｇ。3.6.　　Amplitude　distribution　of　density　wave

巾5 1) for Case 2 ｡　卜５ｎｌｖｅｒｓｕｓ　normalizedwave-

number　ｎ at ｍ＝４（こ=4/8) and　７（こ＝７／８）ｉｓ　shown

during　T=2.2　、2.8.　　工ｔ　is　seen　that 卜=nl　obeys

ｅ‾ｎ and　ｎ‾２ at ｍ＝４　and　７　respectively・
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subsequent　Informations.　　］:ｔ　is　not　clear whether　this　numerl-

cal　instability　is　due　to　the　coarse　mesh width　of　　｀χ　direction

or due　to　the　small　Ｎ（ｚ　８）．　　Comapring　to　Case -１，we　see

that　l筧Ｇ,７ｂｅｈａｖｅｓ　ina body as a whole;　that　is, small wave-

length　components　increase　when　long　wavelength components

Increase and　vice　ｙ９１：rsa.　　　Accordingly we　cannot recognize　the

ordered　exchange　of　energies　between　harmonic　waves.　　This

contrasts　with　Case　ｌ　in which　the　ordered　exchange　has　been

observed.　　１瓦|争９ on the contrary, behaves gently as in Case

１．　　We　ｎｏ七ｅ　that　the　behavior of IjrJishows ａ close resemblance

to　Fig.　５　of　Sato　et al.(1967) in　the　one-dlmenslonal　model (

Ｅｅχt/^cO °57).

　　　　Examples　of amplitude distribution at ｍ ｓ ４ and　７ be-

tween　t = 2.2～２．８ are shown in Fig. 3.6.　　１ｔ Is　obtained

ｔｈ８七工ｎ°C 11’‘ﾒ(<7<.~ 4) at l1 ° 79 and that I^ 06 ｅ’゜（i1（（又゛２）

at ｍ ＝４．　　工七１ｓ easily seen from Figs. 3・５ and ３．６　that

the　spectrum　Is　harder　near boundaries　than　around　central

regions。

　　　　We　Infer　that after で＝　３．４　the　system becomes　more

turbulent　than before.

Case 3　　Ａ　hyperbolic　tangent　type　distribution　Is　chosen as

the background　density　distribution.　　工ｎ　the　computation,

/q(1,0) was taken ８ｓ １．２
　　　　　　　　．　ｄＰ。(1/2.0　｀’　　　　　１　ｄｆＯ（１／２９

was　taken as　巧一一d:5

J°O(O・O)・811d
浄
８ｔｙ°0 and 1
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Fig.　3.7.　　Same　as　Fig. 3.3, except　for　Case　３

1０‾

1:

Fig.　3.7a.　　　ｍ＝５（Ｃ＝５／１４）．
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Fig.　3.7b.　　　ｍ＝７（こ＝７／１４）．
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Fig. 3.8.　　Amplitude　distribution　of　density wave

（に5nl）fol° Case　3
゛　　ゆｎｌ　versus　normalized　wave-

number　n at ｍ＝１（こ＝１／１４）ａｎｄ　5(C=5/14) is　shown during

て＝３　、４．　　工ｔ　is　seen that　卜',!　obeys　ｅ‾３ｉ｀／４　and　-3n/2

at ｍ＝１　and　５　respectively・
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ａ distribution.　　Prom this　distribution　it　Is　expected　that

the　instability　would　not　occur　near both boundaries, at

least,　at　the　initial　stage　of　the　evolution.

　　　　　Fig.　３・7illustrates the time evolu七Ion of Ifj^ and /Jn'7・

After the linear growth, ＼A＼is quenched at ■ ＝ 1.2, having

an ampli七ude　of５ﾀﾞ．　　Thereafterj和　fluctuates more　or less

though　the average　amplitude　gradually decreases.　　Such ａ

trend　Is　seen　in　the　evolution of　other higher　harmonic　waves.

After　T= 5, we　see　that　the　equilibrium state　continues

until the computa七Ion was　stopped at　で＝　７・７・

　　　　Amplitude distribution betweenて＝３～４ａｔｍ＝　１ and 5

１ｓ shovm in Ｆｉｇ・3.8.　From this　it Is　seen that 工ｎ°Ｃ　ｅ
-oin

with oL= 1.5～:３．　Note ｔｈａ七thespectrum at ｍ＝１ １ｓharder

七han at m =s 5≫

gａ旦旦＿生　　The　background　density　distribution was　modified

from that of Case 3 1n such ａ way that
　　　　　　　dfO(1.0)　　1　dfo(1/
0,0), and tｈａ七－a了一－１ｓ ３７ -７Ｆ

１ １ th drc,(l/2.吐

1,0) is 1.5 foi

,and　that　1!4ﾐ?こ2！

This　distribution　is

shown In Fig.　３。１４(で＝　Ｏ)．　　From this figure we　ezpec七七hat

the　turbulence　would appear more　easily　in　the　vicinity　of　the

lower "boundary　than the upper boundary・

　　　　　InFig. ３．９ｓｈ°１“１are ｌ飛じnd IfJ･7 f°ｌ｀ｃ°mparlson・

＼lh and If.l7 are quenched at て= 1.6 and １．４，respectively,

with the amplitude of １０ﾇ;．　Thereafter Ifjj (n-2/2) tends to

　　　　　　　　　　　　　　　８０
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Fig.　3.10・　　Amplitude　distribution　of　density wave

L＼pJ) for Ｃ゛｀ｓｅ４．　|Pnl versus　normalized　wave-

number ｎ at m=l(c=ﾇL/14)and ７（こ＝７／１４）ｉｓshown during

T=1.6　、１．９

and ｎ゛３

工ｔ　is　seen that　卜',!　obeys　ｅ“311/2

at ｍ＝１and ７ respectively・

　　　　　　　　８３



increase　as　ａ　whole・　eventually　followed by　numerical　lnsta-

bllity ８ｔabout　て゜２．２．　　１荒ら(n?, ２）９ｈｏ゛ever, shows ８

rather　gentle behavior‘　　＼fJs　shows　the　ordered　exchange　of

energies between harmonic　waves　for　the　time between　てｓ　1．2

～　1.8.　　０ｎ the other hand, 『tJy does　not　such ａ behavior.

This may be due　to　the difference　of deformed background density

distribution from place to place.　We note ｔｈａ七Case ４

develops　into　ｓｔｒ°ng　turbulence,　because　^ext/^cO　゛５５‘

　　　　Ｆｉｇ・　3.10　shows　amplitudedlstiヽlbutions　betweenで＝　１．６

～１・９ at m = 1 and ７．　　工七１ｓseen七ｈａｔＩｎ°ｃ　ｅ“
3" at m

= 1

and ｔｈａ七工ｎぶ,-≪ at m s　7, suggesting　turbulences　to be

stronger　in　central regions　than near both boundaries.

工ｎ　summarywe point　out a few characteristics　of　the　time

evolution of If^l found by the computations as follows:

１．　　After　ａ　linear growth,　げ１１　１．ｓ　quenchedand　Its　satu-

　　ration level　ｖａヱヽles　depending　on　the　strength　of　the

　　electric　field.　　　The amplitude　of　ｌ和　does　not ｌ!old ａ

　　ｃｅｒ七alnlevel but changes　in somewhat regular fashion.

　　[f＼ {YiZ2) is also quenched once. and then develops into ａ

　　七urbulent ｓ七辱七ｅ゛　WhenＥｅｘ？^cl (Cases 2 and 4), the sys tern

　　resul七ｓ　In a　strong　turbulence.　　０ｎ　the　other　hand,　when

　　ＥｅχｔくE . (Cases　ｌ and 3),　the　system behaves　gently　for

　　　　　　　　　　　　　　　　　　　　　　８４



　　ａ　long time.

２．　　We　find　that　the　ordered　exchange　of　oscillation　energies

　　between harmonic　waves　is　observed　in　some　limited　regions

　　in Cases　ｌ　and ４．

３．　　工na　七urbulent state, density　spectrum　工ｎ　obeys　ａ　power

　　law　or　exponential　law. depending　on conditions;　１’ｅ°
゛
工ｎ

１Ｓ　given as　ｎ
-ot

and　ｅ’
ｏ（ｎ
depending　on regions　to　which

our　concern　is　confined.　　We　cannot deduce　clear　dependence

of　the　index cズ　　on　the　ｅχternal　electric　field.　　However,

it　should be rema万rked　that whether　spectiヽlｕｍ十becomes　soft

or　hard　depends　largely　on　profiles　of　background　density

and　potential　which　supply　the　energy　to　waves.

　　　　　As　was　described　previously,the　essential difference

between　one-　and　two-dimensional　models　lies　onwhether　or

not　interactions　between background density夕Ｏ(ｚ)９ｐ°tential

やq(z) and propagating waves in the y direction are　taken

into　account.　　The　most　signiflean七　profit　of　七he　two-

dimensional　calculation　is　in　that　we　can　visualize　ａ　time

e７°lutl°11of j°q(z) andやq(z) and　know how　the　nonlinear

quenching of Ifj is achieved.

g旦旦旦｡！　　Fig.　3.11　shows　the distribution　of アＯ and　1^0 at

　　　　　　　　　　　　　　　　　　　　　　　　　　８５
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Time　evolution　of　background　potential

{＼＼)^)and dens ity (Po)　distributions　for　Case　１ 。

中Ｏ　andpQ　versus　こ　゛１１°ｅ　shoｗｎ.工nitial　distribution

is　assigned　to　time　T=0.
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several　七lmes.　　Initial distribution is　assigned byT =　０．

As　time goes ｏｎ゛ fo once　ｆｌａ七七ens　In　central regions　around

で＝１・３５ and keeps deforming until　Ｔ＝２・３．　　After this

七lme　the distribution　starts　to　return　to　the　previous　state,

and again ｆｌａ七七ens(seeて＝3．44)．　　For some　time　the　flattened

dlstribu七ion　continues.　　Around　で＝４・5, it　starts　again

to　deform clearly, resulting　in　somewha七　Irregular　shape。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　巳●The trend of the flattening is retrlyed aroundで＝5・5・

Thereafter　the　computation was　stopped at　てｓ ５・７・

　　　　On the other hand, the flattening of Y'q appears at て＝

１・35 which　is　not　so　clear compared to f
Ｏ’　After this time,

the distribution keeps　the　state　similar　to　that of　て。２．３・

Therefore　１七　１ｓ　concluded　七ｈａ七　１ｎ　this　case　the　ｆｌａ七七ening　of

the　potential　is　not　so　important.

　　　‘Keeping　in mind　these resul七s, we　discuss　again　the　time

evolution of lSll(Flg・ ３・3) as follows・

１．　　The　satura七ion of If,I seen at X = 1.2⌒ノ１．８１ｓachieved

　　by both the ｆｌａ七七enings°f i'o ａｎｄｙＯ゛七he former being

　　of much　importance　for　the　present　case.　　The　decrease　of

　　I?il3 aroundで＝２・３ １ｓwell correlated with the Inverse

　　gradient °ｆ　fo ．　　The large Increase °ｆｌ瓦11 and ほいぶ｀

　　around冗＝４～４・７ １ｓinitiated by the deformation of 烏ﾀ

　　the distribution of　which have　retained ａ　clear　flattening

　　till X= 4.

87



２．　　As　was　pointed　out　previously ，１ｎａ　steady　turbulent

state the energy of Iflllor li'i.lsis transferred　into　smaller

■ｗａｖelength　components　inａ regular　fashion.　　This　is

understood　１ｎ　terms　of　the　density　and/or　potential　flatten-
　　　　　　　　　　　　　　　　　　　⌒‥ノ
ings, 1・ｅ・, the energy decrease of げ１１ｔor 肢１５ appears in

accord with　the　七ime　when　the　density　flattening　occurs,

and　the　increase　is　correlated　ｗ１七h a　１１七七１ｅtireakdovm　of

　　the density flattening.　The oscillation energy of ｌ筧｡Iis,

　　七hrough　mode　coupling,七:ransferred　gradually wi th　ａ　time

　　scale　of　１　七〇　smallerwavelength　components, where　the

　　oscillation　energy　is　partly　dissipated　by　classical　dlf-

　　fusion. Another part of energy is fed back to ｊ;Ｏand

　　Yo through quasllinear effect.　　Thus we　can recognize

　　the　energy　flow from　the　supplier　to　the　consumer.

３．　We find rather cyclic growth and decay of ｌ耳。It resulting

from the　deformation of 几ａｎｄ肇Ｏ°

４’　　The　density　spectrum工ｎｂｅｃｏｍｅｓ　softer at ｍ＝ ３　than at

　　　ｌ１°１９５ due ｔ° the ｆ１８七tening of　jO°　This agrees ゛ith

the previous result;　工ｎ°乙ｅ

ｍ＝１ and ５．

一〇in
at ｌ１゛ ３ and ｌｎ°ｃｎ

－(ｽﾞ
at

Case　２　　　This　case　resulted　in ａ　stronger　turbulence　七han

Case　1, and　eventually　we　met numerical　instability.　　　Ｆｉｇ・

3.12 shows　the　time　evolution of f and to of Case ２゛ As

is　seen in　the　figure, the　trend　of　the　flattenings of /o
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ａｎｄ高１ｓ obvious aroundて＝１・？，七houghnot so prominent as

Case １’　With the passage of time, ｂｏ七ｈ　丿Ｏand　yﾉＯare

deformed　in an　Irregular manner.　　We cannot　tell whether

these　Irregular deformations represent　the　real behavior　of

the system or some indication of numerical Instability・

g旦旦2＿1　工n this case, the evolution of ｌｊ;．しLsrather regular

and　the　amplitude　tend　to　decrease with　the　passage　of　time.

Fig. 3.13 shows　the　time　evolution　of f and　To-　　Ａｔで

　　　　　　　　　ｒｗ１．２when　　lAl　saturates　ａ七　first,　we　cannot　see　so　much　the

flattening of　ヂＯ as that of
ｙＯ゛

This　result clearly

contrasts　with　七hat　of　Case　ｌ．　　As　times　go　on,however, the

ｆｌａ七七enlngof　ｆｏbecomes distinguished, while the distri-

bution of ■^Q fluctuates.　　We　can　see　the density　flattening

ａｔで＝4．７４all over the regions except near "both ends.

This　Is　the reason why　all waves　subside　gradually・

Case ４１　　Fig.3.1^ shows　the　time　evolution of /|j and　ｙｌＯ゛

This　figure indicates　that アＯdeviates hardly from the initial

distribution until　て＝　1.1, more　to sayｌ ＝　１・5(not shown)

and　some wavy　structure　appears　and　grows　as　七lme goes　ｏｎ・

呻Ｏ゛ on the other hand, continues 七〇be deformed　in ａ clear

manner　till　て＝　１．１and forms　the　clear flattening.　　But

the shape is destroyed once (で= 1A5) and then restores the

flattening around　・＝　1,8, though partially kinked.　　After

で１゛８・　fo becomes irregular°　The Initial quenching of

　　　　　　　　　　　　　　　　　　　　　９２



lAls and ＼U＼rjaroundで゜１・3 (see Ｆｉｇ・３・9) in this case is

well　correlated with　the　vanishing　of　the　elec七ric　field but

not　that of　　ｊＯ・

　　　　Asａ　sununa：ry　of　this　subsection, we　point　out　that which

flattening, /q or　才Ｏ゛ １ｓmore important for　the　saturation

of　the　Instability　depends　largely　on ａ boundary　condition.

If　either of （びO/dllland ayOI/ｄでＳｌ　remains　tobe zero, the

energy　flow　to　unstable　waves　is　shut　off　and　the　ampll tude

of　waves　is　ｄｅｃ工ヽeasedby　the　energy　cascade　to　smaller wave-

length　components.　　However, it　Is　likely　that　the　profile

of　ｊｌ）ａｎ（１Ｔ０１１１again deformed by the　feedback　of　osclllat-

ing energy to 乃）ａｎｄ？０９ and/or by some locally existing

steep gradient　of densi七ｙ．　　　Thus　the　cyclic "behaviors　of

χＫ。I as shown in Figs. ３・３，３・5, 3.7, and ３．９seem to be

caused by　the　competition between quasilinear and mode　coupling

effects.　　When ^ext ン^cl'　mode　coupling　process　predominates

quasilinear　one, so　that　the　flattening　Is　not achieved　so

much clearly as　in the　case　of　Ｅｅｘｔく　Ｅｃ１’　　Thenwe have ａ

strongly　turbulent　ｓ ｔａ七ｅ．

Densit　　Irre　ularlt

　　　　Spatial　irregularity　patterns　at a　time　で　１ｎ　the

(y,z) plane are　shown　in Figs. 3.15　and 3.16.　　We　have
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Fig. 3.15.　　工nitial (t=0), monochromatic　perturbation

of　density　in　real　space　for　Case　１．　　The　perturba-

tion　has　the　amplitude　of　1%　of　the　background　density

and　vanishes　at　ｂｏ七ｈ　ｂｏｕｎｄａｒｉｅＳ（こ＝Ｏ　and　１）．　　The

same　form　as　this　perturbation　is　used　for　other

cases.
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Density　irregularities　in　real　space　at

T=2.6　for　Case　１．　　Large　irregularities　are　seen

around　both boundaries.
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Density　irregularities　in real　space

at　T=2.6　for　Case　２ 工rregulari七ies　are　seen　ａ１１

over　the　regions, being　largest　around　both

boundaries 。
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Fig. 3.16c.　　Density　irregularities　in　real space

at　T=1.8　for　Case　４．　　Large　irregularities　are

seen　around　the middle　regions　of　こ　andvanish

around　both　boundaries.
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Fig. 3.17.　　Time　evolution　of　the waveform　of

density　in　real　space　for　Case　１．　　As　times　ｇｏ･

on.　the wave　propagates　to　the　right with　its

growing　and　subsequently　decreasing　amplitude, and

suffers　the　deforma七ion　as　shown　in　七he　figure.
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Fig.　3.18.　　Waveforms　of　density　in　real　space　at

て=2.63　for　Case　２．　　The　number　labeled　on　each

curve means　the　distance　from　こ＝Ｏ；　m=l, 3, 5, and　７

correspond　to　?=l/8, 3/8, 5/8, and 7/8　respectively・

Note　that　the　waveforms　of ｍ＝１　andm=3,7　are　soliton-

and　sawtooth-like, respectiveｌｙ，　while　the waveform

of m=5　seems　to　be monochromatic.
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already　shown　the　time　evolution　of ｊ°０１ｎFig. ３°１１ to Fig.

３．１４９hence 丿（り,!.て）東jO（llで）１ｓ shown in the figures 。

　　　Ｆｉｇ・3.15 shows ａ monochromatic initial {て= 0) pertur-

bation　of density with relative amplitude　of　１ ズ，ｆｏｒ　Case　１．

Same　types　of　perturbati on as　Ｆｉｇ・　3.15　are　Imposed　for　other

cases.　　General　time　evolution　of　perturbation　is　as　follows.

工nltial　perturbation moves　approximately with　the Hall　speed

along ･T^-axls　as　its　amplitude　grows.　　　After　the　nonlinear

quenching　of amplitude has　been achieved, monochroma tic　shape

is　destroyed and　an　irregular　form develops.　　　With　the

passage　of　time, the　amplitude　of　irregularities　oscillates

as　is　seen　from　the　time　evolution　of　the　spectral　density

shown　previously。

　　　　　Fig.　3.16a　illustrates　the　density　irregularity　ａｔで＝　2.6,

for　Case　１．　　Amplitudes　of　the　maximum and minimum are　１０　ズ

and　－7　ズ　respectively.　　We　see　that　the　irregularity　is

largely　deformed　from　the　monochromatic　disturbance　especially

near　the boundaries, but not　so　much　in central regions　of

where　the　flattening °ｆ　ｆ０１ｓ formed.　　Another　example

of　the　density　irregularity at　で＝　２．６　for　Case　2,where ａ

very　strong　turbulence　takes　place, is　shovm　in Fig.　３。I6b.

工七　１ｓ　seen　that　the　perturbation　is　highly　irregular, the

amplitude of which amounts　to　ｔ ２０　%near　the boundaries。

　　　　　Pig.　3.l6c　shows　the　example　of　Case　４．　　strong　irregu-

lari七ｙ　with　the amplitude　of ｔ １２ズ　１ｓformed　in central

１００



regions　of　　χ。

　　　　　The　details　of　density　irregularity　are　shown　in　Figs・

3.17 and 3.18.　　For Case　１ (Fig・　3.17) we note that as　time

passes　the waveform keeps　moving　to　the right and　Is　localized

as　the　amplitude　increases, and becomes "broad　and Irregular

as　the　amplitude decreases.　　Because　^ext　is below ^cl　for

Case　１，七he waveform　is　not　deformed　in　so ｌlrregula ｒ　fashion.

When ^ext　is beyond　Ｅｃ１゛ｈｏｗｅｖｅｒ゛this　is not　the　case.

Ｆｉｇ・　3.18　shows　waveform of　four different　positions　ｍ 。　1, 3,

５ and ７ at　'c:= 2.63 for Case ２．　As　Is seen, the waveforms

of ｍ＝　１and ｍ＝　３，７are　soliton- and　sawtooth-like, re-

spectlvely, and　that of ｍ＝　５　seemsto be monochroma tic 。

]：V. Discussion

　　　　　Now,we　compare　the　computed　results　with　nonlinear　theory

of　Ｓａ七〇(1971).　　The　comparison　Is　listed　in　Table　３．２ where

　てＬand Xj. indicate　the　linear growth　七lme by　the　theory

and by　the　computation, respectively・ 破丿　rep-

resents　　　the　theoretical　quaslllnear　saturation amplitude　of

the mode with wavenumber ｋｍat which　the　linear growth rate
　　　　　　　　　　　　　　　　　　　-
１ｓ maximized.　≫^

c
is the computed ｓａ七uratlon amplitude of
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Table　3.2.　Comparison　of　computed　results　with　theory・

Case １　　　　　　　２　　　　　　　３　　　　　　　４

Theory

て.L
０．６６０　　　　0.925　　　　０．６０２　　　　0.652

|?5kml
s
(｀) ７．１　　　　　　１２　　　　　　　７．１　　　　　　１０

Computed

　results

－
てＬ

0.646　　　　0.844　　　　０．６０８　　　　　0.648

－ly
L
ls(゛) ６．１　　　　　　７．８　　　　　　５．０　　　　　　７．０
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the　mode with wavenumber k^ (　１°ｅ’゛　the　fundamental mode).

The upper bar means　the　average quantity　over　ｚ・

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－　　　　Table ３°２Indicates ａ good agreement ｏｆてＬ and てＬ’

Some　discrepancy between IにJなndlf,<findicates that　the　mode

coupling　plays　ａ role　to　some　extent　in　stabilization.　　The

discrepancy becomes　large　as　^ext Increases.　　This　is　because

the mode coupling becomes　more　Important　for　larger　Ｅｅｘｔ°

　　　　　Concerning　the　flattening　of　the　density　and　potential

profiles, our　computation　found　that　which　quaslllnear　process

dominates　depends　largely　on boundary　conditions.　　For　an

exponential　type ，i.e., Case　ｌ　where　the　density　gradient

exists　everywhere along　the　ｚ　direction, the　instability　is

mainly　ｓｈｕ七　〇ffby　ａ　plateau　formation　In　the　density　profile.

For　ａ　hyperbolic　tangent　type, i.e.. Cases　３　and ４ where　the

density gradient　exists　in　the middle regions　and　vanishes

at boundaries, the　quenching　is　mainly due　to　the　flattening

of　the　potential　profile at　least at　early　stage　of　time and

thereafter both　effects　become　operative.　　We　can　infer　from

the　result　of　the latter　type　that, if　the boundary width ｊ２

goes　to　Infinite while　keeping　the　densi七ｙ　gradient　only　in

the　middle　regions ， the　quenching　due　to　the　flattening　of

the　potential　profile might be　important　for all　the　time (

Sato　and Tsuda, 1968;　Tsuda et al., 1969).　　We remark　that

Hooper's　experiment (I97I) in ａ reflex arc　and　the　quasilinear

theory by Kim and　Simon(1969) may correspond　to Case　１，and
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that　Cases　３　andk more　or　less　represent　the　lower　Ionospheric

condition.

　　　　Spectral　appearances　as　shovm　in Fig. 3.3a, that　is　to

say, (fiドンげ1J　around　X = ^.2, and the initial growth and

following decay　of　Ifil, may　explain　the Hooper's　experiment.

When　^ext　is　far below Ｅｃ１゛ｗｅ　can　expect　that　spectral

appearance　becomes　quite　chaotic　so　that　the　main mode　is

not necessarily　the　leading mode.　　工on　cloud　experiment　in

the　lower　Ionospheric　耳layer by Davis(1971) serve ａ number of

results　to be　compared with　七he nonlinear　analysis.　　Though

not　satisfactorily, sporadic　appearances　of　discrete　spectrum

i.e., cyclic　growth and decay　of　discrete　spectrum, are

explained by　the　present　analysis.　　We　have　shown　some　lndl-

cation of the cyclic growth and decay of the Instability (see

Ｆｉｇ・3.3).

　　　　Rocket　observations　of　sporadic　Ｅlayers (Smith, I966;

Oya, 1967) and of equatorial Ｅ layer (Prakash et ａ１・，1970)

seem to　support　the results　of　our model.　　From Fig. 3.16c

we　have　an　irregularity with characteristic　length　of　ａ　few

hundred meters　In both the ｙ and ｚ directions, and　of　the

amplitude　of　12 %,
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V. Summary　and　Conclusion

　　　　　We　have　showncomputer　analysis　of　the　two-dimensional

nonlinear　cross-field　instatllity.　　　工mportant difference

between　the　one-　and　two-dimensional　models　Is　that　the　non-

linear　saturation　of　unstable　waves　is　achieved　only　by　the

mode　coupling　In　the　former , but not only by　the mode

coupling but　also　by　the　quasilinear　effect　In　the　latter.

The　quasillnear　process　acts　to　deform background　density　and

potential　profiles, that　is, to　flatten　the　profiles, thereby

shutting　off　the　growth　of　the　Instability.　　　We　find　that

which　flattening　takes　place　depends　on boundary　condition.

For　the　density　distribution　of　an　exponential　type, the

flattening　of　the　density　profile　Is　more　Important　than　that

of　the　potential　profile.　　This　Is　because　the　excess　charges

accumulated at boundaries (electrodes) are　short-circuited

by　the　external　circuit.　　Our boundary　condition　Imposed　on

ｔｈｅ･perturbation　Is　Just　七he　case.　　　０ｎ　the　other　hand, for

the　density　distribution　of　ａ　hyperbolic　tangent　type, In

which　the density　gradient　vanishes　near boundaries, we　find

that　the　flattening　of　the　potential　profile　plays　the　leading

part　in　ｓ七abilization.　　The　reason　is　as　follows.　　工ｎ　this

case　there are　no　potential　fluctuations　to　be　short-circuited

near　boundaries, since　the　fluctuations　are　concentrated　in
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central　regions.　　We　point　out　that　the　former and　ｌａ七七er

cases　may　correspond　to　the　circumstances　of　laboratory　experi-

ment and　to　the　Ionospheric　Ｅlayers, respectively.　　　This　Is

consistent with　the　inference　of　Sato and　Tsuda(1968), Tsuda

et al.(1969), and　Sato(1971)。

　　　　Another　feature　tobe noted　is　the　cyclic　behavior　of

　　　　　　　　　　　　　　　　　　　　　　　　　戸Ｗspectral　density ｌ尺に　工ｆ ^ext is ａ　little tieyond.　E
Q,
the

　　　　　　　　　　　　　　　　　　　へ／amplitude　of　げ１ｔ　stays　at ａ constant　level after ａ saturation.

However, when　^ext　is Increased more, the　mode　coupling　process

"becomes　to be　operative　to destroy　the　flattening　of　density

and/or　potential　profiles.　　Hence　the　competition between　the

quasilinear and　mode　coupling　processes　reflects　the　cyclic

growth and　decay　of ｌ孔｀に　If Eeｘt才Ｅｃ１９strong mode

‘coupling　process, which　stabilize no　more　the　system, predomi-

nates　the　quasilinear　process　to　yield an　explosive　instability

(Sato, 1971)・　　This was　confirmed by　our compu七atlons.

although we　met　ａnumerical　Instability, perhaps because　of

small mode numtier used。

　　　　　工ｎconclusion, we　recommend　that more　detailed　analysis

of　two-dlmens i onal　model　will　give　better　understanding　of

the behavior　of　ionospheric　irregularities　and　of　laboratory

experiments.
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　　　　　　　　　　　Chapter　４

NEW MECHAN工SM OF AURORAL ARCS

工. Introduction

　　　　　Auroral　displays　give us　an　Important clue　for　study　of

dynamic　couplings　between　the　magnetosphere　and　the　ionosphere.

)：ｎ　spite　of　Its　simpledestiny　of　visibility,　the aurora　Is ａ

complex, mlxed-up, phenomenon associated with　ａ number　of

dramatic　processes, e・ｇ・,aocelera七Ion of　charged　particles,

precipitation　of　the　accelerated　particles　into　the　ionosphere

and　arc　formation。

　　　　　Fromthe　electrical　viewpoint, the　ionosphere　Is　ａ　current-

carrying medium, whereas　the magnetosphere usually　behaves　as

ａ dielectric　across　the magnetic　field　lines　and as　almost ａ

perfect conductor along　them.　The　auroral　particles　make

long　excursions　over　such distant and　electrically　different

media as　the　magnetosphere　and　the　Ionosphere.　　Suoh　long

excursions　make　it　very　difficult　to　solve　the　charged　particle

motions　associated with　auroras。

　　　　　So　farａ number　of　concepts　have been presented　on　the

magnetosphere-lonosphere　coupling;　the　so-called Blrkeland

current　system and Alfv^n　layer may　be　the　first and most

basic ones.　Schleld et al.(1969) pointed out tha七七he
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Alfvぶｎ　layer　could be　ａ　source　of　field-aligned　currents.

Various　auroral　models　have been　presented by　many　authors (

for　example ， Kern, 1962;　Fejeiヽ, 1963;　Bostrom, 196k, I968).

Ａ１１　these　considerations　help us　to　have　ａ deeper understand-

ing　of　charged　particle dynamics.

　　　　　工ｎ　those　models,however, the　ionosphere　Is　usually　treated

as　ａ　passive　medium;　the　ionosphere merely　acts　as ａ　huge

passive　screen upon which　ａ magnetospherlc　picture　Is　drawn,

and　the　magnetosphere　plays　the　leading role　in most　of　the

auroral　dynamics.　　Recent rocket-borne　and　satellite　experl-

ment　have　revealed　that　the　Ionospheric　current　system　In　the

auroral　zone　is　connected　with　the　magnetospheric　electric

current　system　via field-aligned　currents (Cloutler　et　al.,

1970;　Armstrong　and　Zmuda, 1970;　Vondrak　et al., 1971;　Park

and　Cloutler, 1971;　Choy　et al., 1971).　　This　fact　suggests

that　even　the　ionosphere　could be　an　Initiator　of aurora

forma万七ion, though not　such ａ drastic　one as　the magnetosphere.

The　purpose　of　this　paper　Is　then　to　look　for　ａ mechanism　in

which　the　ionosphere　plays　an　Important　part　in aurora

formation.

　　　　　Among　various　features　of　auroral　displays, our　primary

concern　Is　the　auroral　arcs.　　工七　１ｓ　well　known　that　the　aurora

often　exhibits　ａ multiple　character　In　its　curtain-like　forms ．

Akasofu　et　al.(1967) said　that　this　multiple　character　would

provide　significant　information　on　the　production mechanism
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of auroral ｐａｌヽtides.　　　Infact, Akasofu and　Chapn･an(196l) and

Coppl et al.(1966) considered ｔｈａ七七hemultiplicity was ａ

direct consequence　of an acceleration mechanism in　the　magneto-

sphere:　namely　the　mechanism　１七self　has　ａmultiple　structure。

　　　　Recently, Atkinson(1970) proposed ａ different model; the

multiple arcs　result　from nonlinear　feedback　oscillations　of

electric　currents　flowing up and down along　the magnetic　field

lines,　which are　closed by　the magnetospherlc　polarization

current.　　This model　is　based　on an　Idea　that　the auroral arcs

oaused by　ａ　cooperation between　the　magnetosphere　and　the

ionosphere.　　However, a　question　about　his　treatment　of　cold

elec trons　flowing up along　the　magnetic　field　lines　has　been

raised by　Sato　and Ogawa(1972)。

　　　　工ｎ　this　paperwe　Investigate　another　possibility of

ｍｕ１七iplearc　formation.　　Our model　Is　constructed　on　the

basis　that　the　multiple　character　has　its　origin　in　the　lono-

sphere,　and　their development　Is　determined by　the　ionosphere-

magnetosphere　coupling。

　　　　Akasofu　etal.(1966) report　that　the multiple arcs appear

during rather quiet　times　of　auroral activity　and　that　they

usually move　toward　the　equator during　those　七lmes.　　This

fact　suggests　tha七　the arc　formation　Is ａ phenomenon pertinent

to　quiet auroral　activity.　　　Therefore, It　Is　ｎｏ七necessarily

self-evident　that　the multiplicity　is　ａ　simple　project　of

the　structure　of　acceleration mechanism In　the magnetosphere,

109



as was　considered by Akasofu and Chapman(I961) and Coppl　et ａ１．

(1966). Rather, it　seems　likely　that　the multiplicity　is a

manifestation　of　some　other　process　pertinent　to quiet　times.

In　this　paper we　propose　ａnew mechanism of auroral arc　for-

matIon;　the　ionospheric　Irregular1ties　produced by　some

ionospheric　plasma　instability　trigger ａ　precipitation　of

auroral　particles　and result　in multiple auroral arcs.　　工ｎ

other words, the　mechanism　Is　constructed　from　the　following

two　stages (two-　stage　theory);　first, a macroscopic　iono-

spheric ’irregularity (arc-to-be) is　formed, and　secondly, the

arcs-to-be　are　Intensified by　ｐａ：rtlcle　precipitationtriggered

by　some　mechanism and result　in well-developed arcs.

工工*Description of　Model

　　　　　Ourmodel　consists　of　the　following　two　stages:

　　　　　１．　　Weassume　that, during　pre-break-up　periods, or

recovery　phase,　０ｆ　the　substor皿,an appreciable　amount　of

charged　particles　precipitate　rather uniformly　Into　七he　iono-

sphere　around　the midnight*　　The　static　electric　field　directs

to　the　southas　ａwhole (see, for　example, Haerendel, 1970)・

Under　these　circumstances, the　background　Ionosphere　Is　formed
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１ｎ　suchａ way　that　the　electron　concentrationgradually　In-

creases　towards　the　morning　side(eastwards).　　Suoh　conflgu-

ration　is　subjeot　toａ kind　of　collislonal　drift-wave　lnsta-

blllty, the　so-called　cross-field　instability (Tsuda　et al.,

1966). As　ａ　consequence　of　this　instability, there　arises　ａ

wavy　structure　In　electron　concentration as　shown　in Fig. k,l.

　　　　２．　　Ａ　polarization　electric　field, E , arises　across　an

enhanced part of the Irregularity (arc-to-be) as shown in Ｆｉｇ・

４,．１．　　The　Inducedpotential　φ　due　to E drives ａ　field-

aligned　electric　sheet　current, po sslb1ly　terminated by ．the

ionospheric　Pedersen　conductivity　in　the　opposite　hemisphere

(Fig.　４．２)．　　　since　the　electrons　have much　higher mobilities

than the　Ions ， we may consider that　the current Is carried

mainly by　the　electrons.　　When　the　speed　of　electrons　exceeds

the　critical　speed,　the　１０ｎ waves　are　ezoited and　the ambient

electrons　will　probably　be　accelerated by　some nonlinear

wave-particle　interactions (Buneman, 1959)･　　Although　one

does　not know　the acceleration rate　as yet, one may assume

that　kev electrons　are　effectively　produced by　such nonlinear

interactions.　　If　such　kev electrons　are not　produced,　the

original　Ionospheric　irregularl ty　will　probably be　smoothed

out,　since　the　space　charges　that　produce　the　polarization

field E may　quickly be　cancelled by　the　short-ciroul七　effect

along　the magnetic　field　lines ．　　The kev electrons　produced

by　the　Ion-wave　instability　however, can　produce ａ ｇ工'eat
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Fig.　4.1. Coordinates　and　configuration

　　　　　　　　　　　　　　　　　of　the　system.
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Fig 。　４。２ａ．　Schema七ic　view　showing　the　relation　between

the　field-aligned　currents　ｊ　and　the　ionospheric　ir-

regularities　of　electron　concentration　ｎ　and　induced

potential　φ．　　　Note　that　the　positions　of　the　current

sheets　shift　toward　the　north　as　the　inductance　along

the magnetic　lines　of　force　or　６ ， increases.
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IONOSPHERE

MAGNETOSPHERE

IONOSPHERE

Fig.　4.2b.　　　An　equivalent　electric　circuit　connect-

ing　the　ionospheres　of　both　hemispheres　via　the magneto-

sphere.　　When　the　ionospheric　irregularity moves

toward　the　equator, an　alternating　voltage　arises

between　two　fixed magnetic　field　lines.
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number　of　lon-palrs　down　In　the　Ionosphere.　　Accordingly, the

electron concentration　Is　enhanced at plaoes　upon which　the

kev electrons precipitate, namely, at　the　feet of　the　field

lines　along which　the　Ion-wave　Instability　takes　place.　　This

enhancement　of　electron　concentration　causes　an additional

polarlza七１０ｎ　field　due　to　the background　southward　electric

field.　　If　this　additional　field　overcomes　the　short-olrcult

effect along　the　field　lines, the　original　irregularity may be

enhanced and　ｄｅ▽elop　into　the auroral axes。

　　　　　工ｆ　the　Impedance　of　the　closed　circuit　is　purely　resistive.

the　precipitation place　of　kev　electrons (peak of　the potential)

deviates by　one-fourth waveleng七ｈ　from the　peak density　of

the　Irregularity (see　Fig.　4.2a).　　In　this　case an　lntensl-

flcatlon of　the　original　irregualrlty ７”万゜万ｙnot be　ｅ：ｘ：pected.

In actual　cases, however, the　electrons　experience ａ　phase　lag

during　their　long　ezourslons because　of　the　Inductance　along

their　path, namely along　the　field　lines.　　This　Inductance

acts　to　make　the　precipitation coincident with　the　peak density

of　the　irregularity.　　　with an appropriate　phase　lag, therefore,

the growth　of　the　irregularl ty may be maximized ，and　the

original　Irregularity　Is　expected　to　develop　into　multiple

auroral　arcs. Ａ quantitative discussion　Is　ｇ１▽en In the

following　section.
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工II. Theory

A. Coordinates　and Equations

　　　　　Ａright-hand　coordinate　system (z,y,z) is　so　chosen　that

the　X,　ｙ　and　ｚ　axes　In　the　south.　east and upward directions.

respectively.　　　For　simplicity, we　take　up　the　northern

hemisphere,　so　that　the　geomagnetic　field directs　downwards

(negative　ｚ　axis).

　　　　　The　governing　equations　that describe　the　dynamics　of

charged　particles　In　the　Ｅ　layer　ionosphere (100　－　１５０　km

heights), may well be described by

3n

－－∂ｔ
＋∇・ｎｖ士 に q士 ・

nv±°士叫J’1士（!ﾖ゛y:!:）゛!!）‾.Dlj∇11 ，

(4.1)

(4.2)

where　the superscripts ！ denote　electrons (-) and ions (+);

ｎ　Is　the　electron concentration (equal　to　the　１０ｎconcentration);

ｑ Is the production rate of ｃｈａ：rged･particles; cL Is the re-

oombina七１０ｎcoefficient;　片１Ｓand　D|| denote, respectively,　the

mobility and the diffusion coefficient along the magnetic

field lines;　£ and B are　the　electric and magnetic　fields.

The Eqs. （４．１）ａｎｄ（４．２）ｍａｙbe sufficient to describe the

behavior　of　charged particles　in　the　Ｅ　layer　Ionosphere,
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since　the　time　scale　of　ｉｎ七erest　Is　much　longer　thanthe

collision　times, the　inverse　of　cyclotron　frequencies　and

the　Inverse　of　plasma　frequencies, of　both　the　electrons

and Ions.　　Further, since　the　ionosphere　is ａ low-β　plasma

the change　of　the magnetic　field can be　neglected:　namely,

the　electrostatic　approximation　Is　valid.

B. Background Distribution

　　　　　Recently, the　techniques　of　electric　field　measurements

have　strikingly　been developed　and　have　disclosed　that　the

static　field　in　the　Ionosphere　mainly　directs　southward　In

the northern auroral　zone, typically　１０　to ５０mV/m (see

Haerendel, 1970).　　This　southward　electric　field E
Q　drives

the　precipitating　particles　toward　the　east, so　that　the

lonlzatlon　is　expected　to　Increase　gradually　toward　the　east。

　　　　　Neglecting the diffusion　terms　and putting q"*"= q" = q,

Ｅｑｓ．（４．１）ａｎｄ（４．２）ａｒｅapproximately reduced to

where

賛＋゛ｙO診゜ｑ
’ an ,

　　　　　　　－^xO　゛μＨＥＸＯタ

with　峠＝岐/C1＋（几！Ｅ）２Ｊ　and　４＝　吋
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deriving Ｅｑ．（４．３）ｗｅ　haveassumed　that　the　lonlzatlon In　the

precipitation　zone　distribute　uniformly　along　the　north-south

direction, since　the　drift　speed　of　the　lonlzatlon along　this

direction may be　sma Her　than V万ｙO（ＥＸＯヵＥｙO）゜:　Thesteady

solution of Eq. (if.3) is easily solved as

Ｏ 慧防止研 (4.4)

where　Ｎ１ ゛（ｑ/（ｘ）1/2゛ ’1°（ｽﾞN1/７ｙ0and A °（N1 ゛ NO）/（N1 “ NO）゛

No being the　elctron　concentration at　the　western edge　of　the

precipitation zone, namely, at ｙ ＝　Ｏ．　　　For　example・　we　choose

the　ionospheric　parameters　during　rather quiet　times　of

auroral　activity　such　that

NO･ ＝109 m“3 ９ 涙＝10’１３ ｍ３ＳｅＣ’1，

ｑ
゛
１０７ m~-^sec" ,　゛ｙＯ °２００ msec‘１’

Thus　we　have

N1 ゛ 1010 m'3汐No and　1 = 5 × 10’6

Ｅｑ．（４．４）１ｓthen approximated by
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nQ(y)⌒‘N1七anh(iy)゜ (4・5)

From Eq。(if.5) it Is seen that the lonlzation monotonlcally

Increases　towards　the　east　from Nq up　to Ｎｌand that the

scale length (e-foldlng distance) Is approximately 几‘１～

２００　kmfor　七he　present case。

　　　　Next,we　shall　show　that　the above　configuration　Is

subject　to　the　cross-field　instability, resulting　In ａ　large

scale　irregularity　of　electron　conoentratlon (arc-to-be)

whose　fronts　are　roughly　parallel　to　the　east-west　direction.

Ｃ．　Irregularity　Formation (1st　srage)

　　　　We　put　the　layerwidth　of　the　Ionosphere under consider-

at Ion as h, 50　km, say, and discuss the　problem with　the

quantities　averaged　over　this　layer.　　　This　Is　equivalent　七〇

regarding　the　ionosphere as　ａhorizontal　plane・

　　　　Combining　Ｅｑｓ．（４．１）ａｎｄ（４．２），ｗｅ　obtain

丑
“μか轟（11Eｙ）‾応（11EX）］士μj;［丑（llEX）十古（゛Ｅｙ）］

・I)j!=(jﾐy＋浄)＝９－ａｎ２－でr![ｎ－nO(ｙ)]ﾀ(4.6)

where　the　last　term on　the right represents　an　equivalent
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where　βｓ Ｍｐ/ＭＨ（ P゚edersen/Hall　conductivity) withり，＝弓

→･弓ａｎｄ　≪H = /*H“ μ;i;　苛゜Ｋ ＭＨＭ/MS;Ｍ ’μ;μ’;゛μ;μ;i;

I）??）゛（μ;I:）ヱ゛囁吐）/％ｓll（11）ｒl）゜（べ’I）;゛ぺ’紀）/

（μt十μ,こ）；i Is the normalized wavenumber defined by

i2 ｓ k2 e2/゛゛29　K ゛ ddn no)/dy-1　and ｋ being　the wave-

number:∂　１ｓ　the angle between the ｘ axis and the wave　vector

!c, measured　toward　the ｙ axis.　　　In　Ｅｑ．（４．７）ｗｅ　may　neglect

(4.7)Ｏタ

the term °^^yO　since　ｌＥｙｏｌ｀ぶ｀IEXOI° Then we　have

From Eq.　（４．８）１ｔ　is　seenthat, when
ｉ２　１ｓ　fixed,the　grow七ｈ

rate ｒ Is maximized at
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　　～2　　　C(B “ tane)E 0　　　　　･（2Dｒｂ
r yｋ【K2（1＋ｔan2o）十（１一叫ａｎｏ）2‾丁］

　　　　　　　　　amb
　　　　　　　’!tﾂﾞﾕ- 2an (4.8)

diffusion　loss along　the magnetic　field lines (across　the

ionosphere　plane); Dj^　＝姉/〔1＋（怒声Ｂ）２１．

　　　　Linearanalysis　of Eq. (4.6) gives　the　growth rate as

(see Appendix)

ｒ＝
ξk2［（6“　tane)E十　（１　十　Btane)E

　　　　ii（1十ｔan20）＋（1 － 3tan0)

二i2己回竺一首- 2an

o］



tan9 ° 3 - [1十　a2十?き二71j｝!］1/2ミ　ｔ゛1110m。 (4.9)

When, on　the　other　hand, the angle　∂　１ｓ　fixed, r　is　maximized

at

26｛［（S　－　tane)
(1　－　Stane)

．Ｉ (１－　昨ａｎｅ)2 ｝三

2^x0
　も］

Ｑ，

1/2

(4.10)

where E。Ｏ °ＭＨＫＤ?ｊｌｌｂ／Ｍ°　　For　ｅ：zample， we　put　the　parameters

as　follows:

Then we have

”
　
　
ヽ
　
’

　
Ｈ
　
　
ｐ
Ｍ

Ｍ
　
Ｍ

　amb　～Ｄ｛|

^amb　～
　x

　次　　～

　Ｋ‘1　～

　ＥχO　　＾‘

　　"o　　´゛

104

5 × 103

108

２べ

５

102

10-13

200（～゛t“1）

10’2

5〉ぐ109

1２1

　ｍ２Ｖ“１ｓｅｃ’１

　ｍ２Ｖ爽１ｓｅｃ“１

（ｍ２Ｖ’１ｓｅｃ“１）２

　m sec"

　m sec"

　ｍ３ｓｅｃ“１

km
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(3 = 0.5,　ぢｓ　０．２　　and ^cO ゛ ２°５べ10-9

Thus　Ｅｑ．（4．10）１ｓ　approximated by

ji
x

?:
｀　ｃｏｓ20m［（s‾　tane )(1 -　βｔ゛l朗ｍ）

ｖｍ‘１

2附］1/2＞＞1.（4.11）

　CO

since ｉ: タβ2，Ｅｑ．（4・9) is reduced to

　　　　　　　　　　　tan　θｍきβ’（１＋戸2）1/2く　－1，

I.e.,

-450 くθｍ

(4.12)

For the present parameters, we have　∂ｍ＾”３０｀’Ｉ　　FromＥｑ°

（4．11）ｔｈｅ゛avelength λｍ ｆ°゛maximum gro゛th rate　Is　estimated

to be about　２０ km.　　By using above approximat1ons and

assuming ｅ£１．the maxlmuin growth rate Ｇ１，１ｓapproximately

given ty

　　　　　　　　　　　amb
Ｆｍ｀tＥｘo゛tＦ - 2c?CnQ・ (4.13)

We　see from Eq. (4.13) that　the　instability　can arise when

the　electric　field E^Q　exceeds　ａ certain critical　value.
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For　the　present　parameters we　have f. ゛ 10-3 sec" . Of

course we　can　obtain different　values　of θｍ９　λｍand　ｒ ｍ

by choosing other set of parameters.　　If we put p～1, then

we have

θ
心

Ｕ
-23°.　入ｍ｀　30 km　　and　Ｆｍ ゛ 10-3 sec"°

　　　　　From　theａｂｏ･vediscussions, it　may be　said　that　the

cross-field　instability　can　produce　the　Ionospheric　irregu-

larlty　whose　spatial dimension　Is　coincident with　the　spacing

of auroral arcs　and whose　fronts　are roughly　parallel　to　the

east-west　direction but　tilt　somewhat　in ａ northwest　dlrec tlon.

　　　　　工七　１ｓ　tobe　noted　that nonlinear　studies　have　shown　the

amplitude　of　unstable waves　can reach　to, say, 50　男　of　the

background　concentration (Sato　and　Tsuda, 1967;　Tsuda　et　al.,

1969;　Sato, 1971).

D, Formulation　of　Ａ：re　Formation (2nd　stage)

　　　　　]：ｎ　this　section,we　formulate　the　process　by　which　the

irregularity　caused by　the　plasma　instability　develops　into

the auroral　arcs.　　For　slmpHcity, we　will　here　concern

ourselves　with　one-dimensional　case;　the wave　front　of　the

Irregularities　are　parallel　to　ｙ　axis.

　　　　　As　stated　In　Section　Ill　we　assume　that　the　electrons

come　into　and　go　out　of　the　ionosphere　in　proportion　七〇　the
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potentialφ　arising　in the　irregularity・

　　　　The　continuity　equations　ａ：re　then　given by

and

貧十分(11゛;)゜Ｓｄ(Yd＋1)φ(ｘ)－cx(n2
－ nfj) forφ2 0，

　　　　　　　　　　　　　　　　　　　　　　　　　(4.14)

託十分(llｖ;)゛Ｓｕ(1つ'ｕ)φ(x)
- a(n^ - iIq) foi°φ1 0'

３ｎ
-
3t

3ｎ

-dt

＋

＋

３
-
9x
（ｎｖ:）゜ＳｄＹｄφ(x) - a(n2 - ng）　　foｒφ2　0.

　　　　　　　　　　　　　　　　　　　　　　　　　　　　(4.15)

昌(べ ゜-Vuφ（刈　- a(n - n^)　　foｒφ10｀

゛here Ｓｄけｌ　and　Ｓｕl刺　（Ｓｄン　0,　Ｓｕ　ン　0) represent　the rates

of　coming-down and　golng-up　electrons　proportional　to　the

potential　of　the　lrregualrity; ７ｄ and　l"u are the １°n-pal「

creation rates　of　the kev　electrons associated with　the

coming-down and　going-up　electron　flows。

　　　　The　flow　equations　may　be　given by

　－
ＶＸ

《

　　　　－
゜’μｐ［ＥＸＯ

べ;

一守1
　　　－

“　μＨＥｙｏ
ｓ

［=XO　’
Ujﾐﾄﾞ］’μ;ＥｙO

゛

Eqs. (4.14) and (4.15) are rewritten as
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and

∂ｎ

-３ｔ
＋

∂

-
3X
(ぺ

ａ工

Ｘ-
３Ｘ

４　
　
　
　
＝

　1)φ(Ｘ)－(X(n2－ng)

Ｙｕ)φ(x) - a(n^ - n^)

‾ｅＳｄφ（゛）　　for　φ

’ｅＳｕφ（幻　　　for　φ

＞

－

　＜

－

０

０

ｙ

７

for　φ≧０，

　　　(4.17)

for　φ< 0,

(4.18)

where　Ｉχ゜en(v+ “ ゛;)゜ To　exclude　the　charge　accumulation,

we add　the　following neutrality　condition:

Since

　
　
０

　
　
ツ

ベ　
ｓ

ま

φ(x)dx十Ｓ 　
ト
４ φ(ｘ)ｄｘ＝０．

φ＞o

φ(x)dx十

jl

φ（O

φ(x)dx ゜ O″

we have Ｓｄ°ＳｕΞＳｅ°

　　　　Whenwe　take　Into account　the　phase relation between　the

potential

丿
ト

　
勿

φ(x) and the sheet current, we must　replace　φ （ｘ）

(ｘ十S), where r repiヽesentsthe phase lag.　Thus, Eqs.
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(4.17) and (4.18) are again rewritten as

ｊ

and

a工

Ｘ
-
3X

Sｅ(Ｙｄ＋1)φ(゜< + 6) - a(n^ － 11g ｆｏｒφ＞０，

　　　－

　　　　　　　　　　　　　　　　　　　　　(4.19)

Ｓｅ（1“Ｙｕ）φ(x+ 6) - a(n^ ’哨）　forφjOタ

゜‾ｅＳｅφ（ｘ十　６）． (4.20)

Eqs. (if.16), (if.19) and (4.20) give ａ set of governing

equations。

　　　　sincewe are　concerned with　the "behavior　of axxroral arcs

during rather　quie七　times≫ we　may　consider　that　the magnetic

field　lines　are　closed and　hence　connected with　the　Ionosphere

in　the　other　hemisphere.　　Therefore, the　equivalent　circuit

may be　given by Fig. ^.2b.　　The resistance Ｒ　in　the　iono-

sphere ｍ万Ｑ万ｙbe given by (see Pig.　41・31）

Ｒ～向xh， (４．21)

where　£　１ｓ　the　arc　length (dimension　of　an aro　in　the　east-

west direction) and ｄ　is an average distance between　the

neighboring upward and downward.　current　sheets, or　the width
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of ａ current　sheet　in　the north-south　direction, which　Is

approxlma tely a half of　the wavelength　入�’　The total　sheet

current Ｊ　Is　roughly　givenby

Ｊ　゛． 　ｅＳ＾cj)ｈｊｄ° (4．22)

From the relation ？へ■>RJ and Eqs. (4.21) and (4.22), we have

Se　’丿　

夕　

゜

The phase lag Ｓ｀　normalizedby the wavelength入

given by

g～tａｎ‘1弓i!1 ，

(4．23)

(=2d) may be

(4．24)

where　Ｌ　is　the　Inductance　of　the　sheet and　ひJ is　the　frequency

of the alternating voltage φ(x) between two neighboring

current　sheets,　which　is　equivalent　to　the　characteristic

frequency of　the　Irregularity with wavelength　Aj^. namely,

　ω゜２↑Ｖ／λｍ Ｖ゙ being the velocity of the irregularity toward

the　south (equator), which may be driven ty　the (small) west-

ward　electric　field EyQ°

　　　　When we put d = 15 km. ｈ＝５０ ｋｍ，£＝５００km, V = 20 m/sec

（ＥｙＯ　”2 mV/m) and Ｌ・５０ H, we obtain from Eqs. (/f.21).

（4．23）ａｎｄ（4．24）ａｓ
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Fig. 4.3.　　Scales　of　the width, length　and　height

of　an　arc-to-be.
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Ｒ～Ｏ°４ ohm,　　Se ～105　and r～？4．

The value of the Inductance Ｌ naturally depends on the

configuration of an aro.　　Bostrom (1968) estimated　the value

for　two　models.　　According　to　his　estimation,we　may regard

the value of Ｌ as roughly　lOOH.　　Akasofu et al.(1966) report

that the typical spacing between neighboring arcs　is３０－４０km,

so that λｍ’３０km, hen°ｅｄ’１５km, Is also　reasonable。

　　　　In　the　following　sectionwe　solve numerically　ａ　set　of

Eqs. (^.16), (4.19) and (4.20) as　an　Initial-value　problem

and demonstrate whether　or not ａ well-developed arc　results

from an　Ionospheric　irregularity・

IV. Numerical Results

　　　　　:Insubsec七Ions　III(B) and (C) we　have　shown that　the

auroral　zone　ionosphere　Is　susceptible　to　the　cross-field

Instability.　　　Since　the　evolution　of　this　instability　has

already been　studied　In detail elsewhere (for　example, Sato,

129



1971;　see also　Chapters　２ and　３　of　theis　thesis), we begin

our　calculation with an　initial　state　that a periodic　irregu-

larlty　of　electron　concentration has　already arisen　in　the

ionosphere.

　　　　　工ｎ　order　to　see　the　essence　of　our　model, we　may　reasonab-

1ｙ put that ＥｙOさＯ°Further, we put ｔｈａ七几゜O°The

validity of the assumption of ７ｕ＝０ １ｓdiscussed in Sec. VI.

After　such　simplification夕　the　governing　equatlons.l.e., Eqs.

(^.16), (if.19) and (4.20), are c harac t eri zed by　the following

parameters; ＥＸＯ Ｓ゙ｅ ｒ゙ ゛
ｒ
゛
兌　and jJ.―, where ｒ゛ ｒｄ and

　£{%) denotes　the　initial amplitude　of　the Irregularity

relative　to　the ■background　concentration。

　　　　Calculati ons　are　performed　for　１５　sets　of　parameters

which are　tabllated　in Table ４．１．　　Typical　examples　that　lead

to ａ growth and　damping　of　the　initial　irregularity　are　shown

in Figs.　４．４and ４・５．　　From　these　figures　It　is　seen that

the　Irregularity　can either be　Intensified　or　suppressed

depending　on　the　values　of　parameters.　　　In Figs, 4.6a and

４．６ｂ　an　evolution　of　the　peak density　of　the　irregularity　is

drawn　for　１４ examples　of　Table ４．１．　　Themovement　of　Its　peak

position　is also　shown in Ｆｉｇ．４．？．　　These　figures　give us ａ

deeper understanding　of　how　the development　of　the　Irregularity

is　related　to　the　values　of　parameters.　　工ｎ　order　to　visual-

ize　more　clearly　the　evolution of　the　irregularities, several

examples, other　than Figs, i^.k and 4.5≫ are　given　in Figs. ^.8
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Table　4.1. Parameters　of　Computation

No.　(Figure)
　^XO

(ｍｖ／ｍ) Ｓｅ Ｙ

　6

(×7T/5)

e

l）

　ｖｆ・

(m/sec)
Result

２
　
　
３
　
　
４

Fig. 4. 5

５　　Fig.4.4

６

７
　
　
８
　
　
９

Fig.4.8

Fig.4.9

０
　
　
０
　
　
０
　
０
　
　
０
　
　
０
　
０
　
０
　
　
０
　
　
０

１
　
　
１
　
　
１
　
　
１
　
　
１
　
　
１
　
１
　
１
　
　
１
　
　
１

104

104

105

１０

１０

１０

１０

１０

10

５

５

５

５

５

５

102

102

10

102

102

102

102

103

103

Ｏ
　
　
１
　
　
２
　
　
１
　
　
０
　
　
１
　
　
１
　
　
２
　
　
１
　
　
２

５
　
　
５

５
　
　
５

２０

５
　
　
５
　
　
５

24

24

　7

３
　
　
７

５

万

Decaying

女女

Growing

女女

女女女

Growing

10

11　Fig.4.10

12　Fig.4.11

13

１４十Fig.4.12

50

50

50

50

10

105

105

105

-

１０５

102

102

102

-

１０２

０

１

１

１

５
　
５
　
５

２０

-

　５

０
　
　
０

４
　
　
４

２４

other　parameters　are　chosen　as　follows (in MKS　units) :

Ｅ　　＝－１０゛４
　yO

V/m,べ:=35,べ; = 800, y" = 2×104，心＝３６．

　　↑　In　this　case　the　ion mobilities　are　chosen　as

　　　　　　　　　　１１;＝　５×１０３，１Ｊ;;＝　８００．

　　゛ｖｆmeans　the　final (steady-state) speed　of　an　°re
’

　喩大　The　perturbation　neither　grows　nor decays.　　　The waveform

　　　　is　complex.

女を責　The perturbation　grows　but　the waveform　is　complex.

　The　initial　perturbation　is　taken　in 七he　ｆｏｌ°m,en-sin (　x/L)″

　where Ｌ　is　chosen　３０　ｋｍ。

　　　　　　　　　　　　　　　　　　　　　　　　１３１
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Fig.　4.4.　　　Example　of　ａ　growing　irregularity:　Spatial

ｄｉｓ七ributions　of　the　irregularity　concentration　ｎ　and

potential　φ　at　four　different　times.　　The values　of

parameters　for　calculation　are　given　in　the　row　of Ｎ０.５

１ｎTable　4.1.　　The label　Ｌ　in　the　figure　denotes　the

characteristic　spacing　of　the　irregularity (~λｍ）ｓ　工１１

computation we　choose Ｌ＝　３０　km(the　same value was　used

for　other　computations. Figs. 4.5　－　4.12) .
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Fig. 4.5.　　Example　of　ａ　decaying　irregularity：　Spatial

distributions　of　the　irregularity　concentration　ｎ　and

potential　φ　at　four　different　times.　　　The　values　of

parameters　used　for　calculation　are　given　in　the

row of No. 2　in Table　4.1.
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Fig.　4.6.　　　Development of　the　peak　concentration　of　an

irregularity.　　　The　number　on　each　curve　corresponds　to

the case with　the　number　given　in Table　４ 。1: (a) Cases

of　ＥχＯ°　Ｏ
°
０１V/m, and (b) cases　of　ＥχＯ　°Ｏ°０５V/m‘

Note　that　there　exists　ａ　steady　solution.
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5００

t. sec

1０００ 15００

Fig. 4.7.　Movement　of　the　peak　position　of　an

irregularity.　　　The　number　on　each　curve　corresponds

to　the　case with　the　nimiber　given　inTable　4.1.

Note　that　the　irregularity moves　toward　the　equator

with　ａ　rather　high　speed　during　the　early　stage　of

its　development　but with　ａ　slower (constant) speed

after　its　amplitude　satura七ｅｓ。

　　　　　　　　　　　　　　　　　　　　　　　　１:35
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Fig. 4.8. Development　of　an　arc　for　the

case　of Ｎ０．６　inTable　4.1.　　Compare

with Fig.　４．４　inwhich　ｅ＝　５　宅．

７
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Ｃ

XI

￥×

Fig.　4.9.　　Development　of　an　arc　for

the　case　of No. 7　in Table　4.1.

Compare with　Fig. 4. 4　in which　６＝　TT/5・



″
旨
’

xl

？

Ｅ

　・

Ｃ

ぞ×

Fig.　4.10.　　　Development　of　an　arc　for

the　case　of Ｎ０.１１　inTable　4.1.　　Note

that　the　electron　concentration　ｎ　in-

creases　rather　uniformly with　time

when　６＝　0,but　ａ　small　peak　appears.
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Fig.　4.11.

ぞ･χ

Development　of　an　arc　for

the　case of　No.12　in Table　4.1.

Compare with Fig. 4.4　in which

ＥχＯ　°0.01　V/m.
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Fig. 4.12.　　Development of　an　arc　for　the

case　of　No. 14　in Table　４ ．１．　　Note　七hat　the

irregularity　can　grow more　largely　as　the

Pedersen　conductivity, or M , increases (

compare with Fig. 4.4).
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－　４．１２。

　　　　We　summarize･ the　characteristics　Involved　in　the　figures

in　the　following way:

１．　　The　ionospheric　Irregularities, which may be　caused by

the　cross-field　instability・　or, possibly, by　some　other

process, can　result　In arc-like　forms　by　the　present mechanl sm.

２‘　　Generally speaking, the larger the values of ^e' r. ｊ｀

and　ＥＸＯ゛ｔｈｅmore　strongly　the　irregularities　develop°

３．　　　The　role　of　the　inductance　along　the magnetic　field

lines　plays　an　important　part　In arc　formation.　　For arc

formation, the　reactance　due　to　the　magnetospherlc　inductance

must be　as　large　at　least　as　the　ionospheric　Pedersen

resistance.

４．　　　The　initial　amplitude　£　little　affects　the　final　form

as　can be　seen by　comparing　the　curves　５ ，１２with　the　curves

6, 13　１ｎFig.　4.6, and Fig. ^.4 with Fig. if.8.

５．　　As　can be　seem from Fig. ^.7, the　steady arcs　move　toward

the　equator with constant　speeds, roughly　７　－　５０　m/sec　for

present　parameters.　　In　their　developing　phases, their　speeds

are　much faster;　they　reach up　to　:３００　m/sec.　　Theyare　largely

controlled ｂｙ　S", E
Q, Se
and
ｒ‘

６．　　When　the　phase　lag　ｒ　is　relatively　small, there　appear

oscillatory　behaviors　in amplitude:　compare　the　curves　５ ，６，

8, 12 and １３ with
ｙ＝・／５

with those ７，９ with　ｒ。2 7r/5.

The　periods　of　the amplitude　oscillations are roughly　５００　－
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1000　sec　for　the　present cases.

７．　　By　comparing　the　curve　５ wl th　the　curve　１４ ，１ｔ　Is　seen

that for larger ／λ;，hence M ≪　thearcs become　larger・

This may be due　to　the　fact　that　the　largervalue　of "p-　the

larger　the　induced　potential.　　Thus　the　effect　of　increasing

≫p ゛゜ybe　equivalent　to　that　of　increasing十七he　external　field

ＥＸＯ゛　　The　value　of　"p　Inthe　auroral zone　seems much larger

than those used for calculations　of　No.l　－　No. 13　１ｎTable

４．１．　　Therefore, it　seems　that　in ac tual　cases　an arc　Is　much

more likely　to　take　place.　　The　example　of　Ｎ０．１４１may well

fit　the　real case.

V. Deformation　of　Arcs

We　shall　now discuss　the　stability　of　well-developed

auroral arcs. By　looking at　the　configuration　of　the　arcs.

we　immediately notice ａ possibility　that arcs　suffer from the

cross-field　instabill七y (Hooper and Walker, 1971).

　　　　Letus　consider　the　case　in which　the　arcs　are　homo-

geneous　and　parallel　to　the　east-west direction.　　By　changing
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the　south direction, i.e.
゛
ＥｙＯン　０．　　For　thenorthern　slope

°ｆ゛ｎarc, l*e, ＳンO（dl10/ｄｙ＞O）9 ゛ｅ°btaln after s°me

manlpula七ion as

Here　It　Is　noted　that　the　index　of　the　lohomogenlty　Ｋ　shows

the　steepness　of　an arc;　Ｋis　positive　for　the　northern　slope

of　an arc　and negative　for　the　southern slope.　　Further, It

is　noted　that　the angle　∂　１ｓmeasured　from　the west (positive

ｘ axis) toward　the　south。

　　　　Nowconsider　the　case　In which　the　electric　field　Is　in

(4.25)

兄゛（ＥｙO/ＥｃＯ）1/2’
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(^.26)

the　coordinates　in such ａ way　that　the　positive　ｘand ｙ　axes

are　In　the west and　south directions, it　Is　known that　the

Eq. (^.7) can be used　as　it　stands　for discussing　the　lnsta-

billty　criterion.　　Since　the　electric　field　mainly directs

to　the　south. I.e.
゛　Ko＼　べ　1^.0

I　　１ｎ　the　present　coordinates.

Ｅｑ．（４．７）１ｓ　approxlma七ed by

r = k2

(１十tan e）十（1　－　3tan9)

滝 2an ’

　jl)ｒｂ
-一一]
　　62



where the suffix ｍImplies 七he maximum growth rate.　The

maximum growth rate ｒ corresponding to relations (4^.26) Is
　　　　　　　　ｚ　　　　　ｍ　　　　　　　１　　‘“
approximately liven by

rｍ｀CEｙO‾!
1ﾂ!
“2皿O‾!

迂7ぶ亡（ＥｙO/ＥｃＯ）1/?　(4.27)

For　the　southern slope　of an arc ，i.e., ＼く0, we have

兄゛戸〔（ＥｙO/ＥｃＯ）1/2
’ 3〕’

(4．28)

゛ａｎθｍ｀－〔(1＋叶)1/2＋1〕巾～う}fOｒβ（1．

The　�ａχlmum growth rate　corresponding　to　ralations (J^.28) Is

given by

rｍ｀‾
?llj?iｙ旦

‾

⑤
‾2ａｎo

_ ^2
amb［（ＥｙO/ＥｃＯ）1/2

’ 3］‘ (4.29)

　　　　　Letus　now　evaluate　these　characteristic　values.　　For

example, we　put that iｒｓ：･‘
１１
″　１０km and　that　the　other ｐａ：ra-

maters　are　the　same　as　given in　Sec. III.　　Then we　have

λｍ｀゛１ km, θｍ｀１４０　and r. ゛ 0.04 sec" ,
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for　the　northern　slope, and

λｍ″２ ｋｍ゛　∂ｍ ゛　’７６０　　and　ｒｍ ゛ 10-3 sec~ ,

for　the　southern　slope。

　　　　　Fromthese　results　１七　can be　said　that an arc　Is　deformed

by　the　cross-field　instability;　Its　northern　slope　suffers

from a rather　small-scale　irregularity　which propaga七es

roughly　in　the　east direction with ａ　speed　of about　the

electron Hall　speed　and　the　southern　slope　Is　deformed　In ａ

very different way, though more　slowly.　　Ａ　sketch　of　the

deformed arc　Is　illustrated　In　Fig. 4.13。

　　　　　Inreality　the defor�ed auroral arcs　exhibit complex

forms, and　hence　several dlstor七Ion machani sm may be　operative

simultaneously.　　　According　to　recent　observations, Halllnan

and　Davis(1970) have　attributed　the　most　commonly　observed

curls　to　the　Kelvin-Helmholtz　Instability・
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Fig. 4.13.　　Sketch　of　an　arc　deformed　by

the　cross-field　instability.　　Note　that

both　sides　of　the　arc　suffers　from deformation.

though　in　ａ　different　fashion.
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VI. Discussion and　Conclusion

　　　　　Themain　purpose　of　this　paper　is　to　point　out　ａ　possl-

billty　that　the　ionospheric　irregularities　could be　ａ　seed　of

the　multiple　auroral　arcs.　　First,　we　have　shown　that　the

Ionosphere　Is　not ａ　specular but　ａ bumpy (Irregular) medium

which　Is　scratched by　some　plasma　instability　such　as　the

cross-field　instability.　　　Then we　ｈａ▽ｅ　presented　ａmechanism

that　leads　to　enhance　ent　of　the　Irregularities, and　have

numerically　shown　that　they　certainly　develop　Into　striped

auroral　axes　under　certain assumptions。

　　　　　One　of　thebasic　assumptions　on which　we relied　is　that

the　Kev　electrons　could be　produced by　ａ　field-aligned　current

driven by　the　irregularity　potential.　　The　ｃｴヽltical　current.

jlcl9万　beyondwhich　the　１０ｎwaves are excｉｔed ， may be　in　the

following range:

nev ！　Jc
＜

－ nev ,

where　ｖｓ　Isthe　Ion-sound velocity　and　^eT　Is　the　electron

thermal　velocity;　the　upper　11ml七　correspond　to　the　case　of

equal　electron-　ion　temperature　and　the　lower　limit　corresponds

to　the　case　of　infinite　electron-to-lon　temperature　ratio (

Jackson, I96O).　　　Assuming　the　equal　electron-ion　temperature,
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Swift(1965) gave　the　critloal current　such　that

ｊ。’３°８〉く10“5 amp/m ・

for ｎ ＝　10V3 ．　　　This　valuemay be　the upper　limit　of　the

critical　current.　　In　the　higher magnetosphere,　the　electron

concentration ｎ　１Ｓ　expected　toreduce by one　or　two　orders.

Further, the　electron　temperature　may be　much　larger　than the

Ion　temperature　during　pre-break-up　or　recovery　phases.　　In

this　case, the　critical　current reduces roughly by　the　square

root　of　the　proton-to-electron mass　ratio, l.e*, by　about 40

times.　　Therefore,　the　minimum ｃエヽitical　currentmay　reduce

to　１０’８ａｍｐ／ｍｌ２。

　　　　　The　field-aligned　currentdensity　ｊ　under　consideration

Is　roughly given by

ｊ　～　eS ｈ
必
ト
　
　
ｅ

When ゛゛ｅｐｕ七七ｈ゛ｔＳｅ’｀‘10^and ｈ～５０　km, the current becomes

roughly 10-9 ?５ amp/m { 6 1いolt). In　this　case　the minimum

poten七lal　for　instability　Is　given by

　　　　　　　φ’｀‘１０V,　１°ｅ°ｓＥｐ’｀‘f^/d- 5 ×１０‘４V/m.

since　the　induced　field E　is roughly　given by E ~ <cＥＸＯ゛

七his　value　Is　quite　understandable.　　工ｔ　Is　likely, thereforヽｅ，
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that　the　Ion waves　are　excited ty　the　field-aligned　curren七

under　consideration.　　HoKever, the　question　still remains

whether　the　Kev　elec七rons　can with　certainty be　produced by

such Instability.　Carlqvist and Bostrom(1970) have recently

pointed　out　the　possibility　that　the　electric　fields　assocl-

ated with　space　charges 'caused by　Intense　field-aligned

currents　can　produce　Kev　electrons。

　　　　Another basic　assumption　is　that　the　Kev　electrons　are

produced by the coming-down elec七rons alone, I.e.,町１≒０

and　r =0.工ｎ the above paragraph, attention was paid

only　to　the　current　density　In　order　to　dlsouss　the　instability

criterion.　　strictly　speaking, whether　the　Instability　takes

place　or not depends upon　the　speed　of　electrons.　　In　other

words, the　ion waves　are　excl七ｅ(１　１ｆ　the　electron　speed　exceeds

ａ certain critical　speed.　　From　this　fact　it　is　resonably

Inferred　that　the　Instability　is　more　likely　to　take　place

in　the　sheets　of　coming-down　electrons　than　七hose　of　going-

up　electrons.　　This　is　because　the　coming-down　electrons　may

be　composed　of　faster　ｏｴヽhotter　elec七rons　than　the golng-up

electrons　of　the　ionospheric　origin。

　　　　Alternatively, we may　consider　that　the　electrons　in

the　magnetosphere are directly　triggered by　the (positive)

irregularity　potential　and　precipitate　into　the　ionosphere.

工ｎ　these･cases ， we need　not　Introduce　any　plasma　Instability

in　order to　produce　the　Kev　eleo七rons.　　Further, the　condition
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oｆ石１≒Ｏ and 瓦＝０ １ｓautomatically satisfied without any

ad ｈｏＱﾚassumptions.　　Such ａ situation may be realized　in ａ

case where 七he ｉｎ１七ialpotential of ionospheric lrregularl七ｙ

is　large　enough　to　control　the high　energy　electrons。

　　　　工七　１ｓreported that　the　thickness　of　ａ　visible ａ：rc　Is

typically　ｌ　km (see, for　example, Maggs　and Davis, 1968).

The　thickness　of　the　calculated (ionlzatlon) arcs, on　the　other

hand, Is ‘broader　than　the　observed results.　　However, this

discrepancy　Is　Insignificant.　　The reasons　are　three-fold:

First, recent　observation of quiet arcs by　Cloutler et ａ１．

(1970) shows ｔｈａ七七hethickness of the electrojet was about

１０　ｋｍ。　　The　secondreason　Is　that, if　the　Initial　irregularity

１Ｓ　localized, then　it　１Ｓ　expected　that　the　arcs　become

narrower. In　fact,　nonlinear　calculations　of　the　cross-field

Instability (Tsuda　et ａ１・，1969;　see also　chapter　３　１ｎ　this

paper) Indicate　that　the　nonlinea：ｒwaves　have　ａ　tendency　to

localize.　　¶rhe　third　Is　as　follows:　Inour analysis we　have

assumed　that　the　precipitation　Is　proportional　to　the　potential

？　．　　　Actually, however,　the　ion waves　may be　excited　only　in

ａ very restricted　region　corresponding　七〇　the　peak ｐｏ七entlal

where　the　intensity　of　field-aligned　currents　Is　ｓ七rong・

Therefore,　１七　１ｓ　expected　that　the　region　of　precipitation　Is

localized and　hence　the　thickness　of　an ａ：re　Is　narrowed.

　　　　　工ｎ　the　equivalent　electric　circuit　shown　in Fig.　４,．２ｂ，

the　effect　of　the　oapacltanoe across　the magnetic　field　lines,
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namely,　the　polarization　current, was　not　taken　Into　account

explicitly.　　　工ｆ　nee es sary, howe ver. we　can　include　this　effect

Into　the　Inductance　In　such ａ way　as　to reduce　It.　　According

to Dewltt(1968), the time constant CR for pola：rlzation of the

magnetosphere　Is　estimated　to be　roughly unity・　　　Since　ω　　１ｓ

８ｂ°ut ４× 10-3 sec" ｆ°ｒ　入m = 30 km and Ｖｓ　２０m/sec, we have

ω　ＣＲ｀４× 10-3 くぷヽ　１．　　　Therefore, we　may　neglect　ｔｈｅ･ magneto-

spheric　capacitance　Ｃ。

　　　　:In oalculatlons, we　have assumed　that all　the　parameters

such as　the　resistance Ｒ and　the　frequency ａ３are constant

throughout　the　evolution.　　In　reality, this　may not be　true

so　they　should be regarded as　variables, since　the　situation

changes　as　the　Irregular1ties　evolve.　　Among　the　parameters ，

the　variation　of　the resistance　along　the　field　lines　may be

significant.　　When ａ　plasma　instability　sets　in, the　re-

ｓｌｓ七ivlty may　increase.　　Such　an anomalous　resistivity　has

been considered by　　many authors (　for　Instance,　Buneman,

1959;　Kadomtsev, 1965;　Sagdeev and　Galeev, I969;　Slzonenko

and　Stepanov, 1970).　　　By　using Buneman･s　formula. Swift(

1965) estimated the anomalous conductivity町１ｎ the magneto-

sphere　to be　１０’２mho/m for ｎ ＝　１０９m-3. This　formula may

be　applicable　in　the regime　of　electron waves associated with

Buneman's　Instability (two-stream　Instability).　　　For　ion

wave　instability, the　conductivity　may be　someNhat　less　than

this　value.　　Using　Sizonenko　and　Stepanoｖ＊ｓ　ｆormula,　％　１ｓ
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estimated　to be 10-3 mho/m for ｎ ＝１０８M-3.　　If we assume　ｔｈａ七

the　Instability　takes　place　over　the　distance　of　L^ along　ｔｈｅ、

field　lines夕　the　resistance along　the　field　lines.　Ｒ１１　９　１ｓ

given by

Ｒ～．！ ｋ ･Ｌ

１１　　　°'ilｄ　ＢＯ

where ＢＯ１ｓ　themagnetic　field　intensity at　the　ionospheric

level and Ｂ　is　the average　Intensity　of　the　magnetic　field

under consideration.　　When we　ｃｈｏｏｓｅＬｎ゛｀‘１０４km,　we have

Ｒ･|
゛
１‘３Ｘ（Ｂ／Ｂｏ）゜ｈ｀　　Ｓｉｌｌｃｅ（．Ｂ／Ｂｏ）＜　１・ we may regard that

Rll　£　Ｒ～　Ｏ°４ ohm.　　Thus, the　increase　of　the reslstivl七ｙ

due　to instability may　not be　so　signlficent as　to　change

our　results。

　　　　We　ｆｕ:rther assumed　immobile　ions　along　the　field・lines.

Ｓ七rlctly　speakingt　the　ion　currents　must　also be　taken　into

account. Observations ，however, sugges七　that　the　currents

may be carried by　electrons (Clou七ler　etal., 1970;　Armstrong

and Zmuda ，1970), so　七hat　theassumption of　Immobile　ions

may also be allowed。

　　　　Themost distinctive　feature　of　ourmodel　Is　the　fine

structiire　of　field-aligned　currents.　　Our　model　suggests

ｔｈａ七七woequal anti-pa：rallelfield-aligned currents exist

across　an auroral　arc (cf. case　２　of　Bostrom,196^).

Cloutler et al.(1970) and　Park and Cloutier(1971) have re-
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ported　the　ezslstence　of　such anti-parallel　sheet　curren七ｓ．

This　strongly　supports　the　possibility　of　the　proposed　meoha-

nlsm*　　Ｌｅ七　us　now　evaluate　the　current density.　　　The　in-

tensity　of the　lnduoed　field E　in an arc may reach　to　that　of

the external　field ＥχＯ　ｆ°ｒ゙ ｎ extremely developed aro;　１ｎ

that case the total field in the arc completely vanishes.

Then the　induced potential amounts　to ３００　Ｖfor ＼o ’ 0.01 V/m

ａｎａλｌχ１＝３０ km.　In this case the field-aligned current

ｂｅｃ万〇mes 3 χ110“:ﾌ amp/m万２ｆｏｒＳｅ ゛ 105 and 3 × 10‘5 ゛lp/１１２ｆ°ｌ｀

Ｓｅｌ゛ 107.: Cloutler et al.(1970) estim万ａ万七ed the　Intensity peak

of　the net　field-aligned　current　to be　２× １０'５ ａｍｐ／ｍ２．　Thus

our model oan fairly well aocount　for　the　observation.

However,　the　directions　of　the　currents　are　Inconsistent:　１ｎ

our model　the upward current　lies　In　the　southern　side　of an

arc
９　whereas　１七　lies　in

the northern　side　In　the　observation.

HaerendeK1970a, 1970b) explains　that　the case of　Cloutler

et al.(1970) may be ａ special case In which the external field

Is　in　the west　direction.　　The　coincidence　of　precipitated

electrons with upward　current　sheet, rather　than downward

current sheet, Is also　in agreement with　the　prediction of

our　theory.　　　Further,　the　thickness　of　the　current　sheets・

roughly　５ km and ７　km, are　coincident with　our model*　　　工七　１ｓ

further worth noting　that　the　downward　sheet　current　consists

of　lower-energy　electrons　escaping　from　the　Ionosphere。

　　　　Acoordlng　to　simultaneous　observations　of auroras　at
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magne七ically conjugated points (Belon et ａ１・，1969), it is

said　that　the auroras　appeeu:　１ｎboth hemisphere　having ａ good

conjugacy, especially　during quiet　times.　　Our model　Is also

not　Inconsistent Kith　this　conjugacy　of auroras。

　　　　Wehave　proposed and analyzed ａ new mechanism of　multiple

auroral arcs　at rather quiet　times.　　As ａ result, It!ｓ　found

that　the　ionospheric　irregularities　can develop　into　auroral

arcs　via　field-aligned　currents　driven by　the　induced　potential

associated with　the　irregularities.　　The　spacing　of　the arcs

Is　determined by　that　of　the　irregularities.　　As　ａ　potential

candidate　capable　of　producing　such　Irregularities　in　the

ionosphere,　attention　is　paid　七〇　the　cross-field　instability・

Linear analysis　ｈａｓ　shown　that　the　instability　can　certainly

produce　such　irregularities　that　their　spatial　form fits　the

arc　configuration.　　In addition.*　１ｔ　is　found　thata　developed

arc　Is‘deformed by　the　cross-field　Instability・
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　　　　　　Chapter　５

SUMMARY AND CONCLUSION

　　　　　Weｈａ▽ｅ　discussed　the　role　of　the　cross-field　instability

as ａ　formation mechanism of　the density　irregularities　seen

In　irregular!七y-type　sporadic　Ｅ　layers, artificial　plasma

clouds ｇ　auroral　ａ】：ヽcs,and　even　in　laboratory　experiments.

Our　main concern was　the　nonlinear　aspects　of　the　cross-field

Instability.　　　By　computer　analysis, the　nonlinear differential

equations　of　ａ macroscopic　fluid-type　plasma were　solved as　an

initial-boundary　value　problem.　　Ａ good agreement between

the　computed results　and　the　theory　was　found。

　　　　　First,we　have　treated　the　one-dimensional, nonlinear

cross-field　Instability.　　　The　Instability　condition was　more

strengthened　compared with　the　previous works.　　As　ａ result,

we　found　strongly unstable waves, i.e., an　explosive　lnsta-

bility。

　　　　　Second,　the　time　evolution　of　the　two-dimensional, non-

linear　cross-field　Instability　ｈ今ｓ　been demonstrated.　　By

this, the　competing　process　between quaslllnear and　mode

coupling　effects was　clarified, i.e., the background　dis-

trlbutions　of　electric　field　and density　were, more　or　less,

deformed　to　result　in　the　saturation　of　the　amplitude　of

ubstable waves.　　This　contrasts　with　the　one-dimensional
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model　in which　the　saturation　Is　achieved　only by　the　mode

coupling.　　　It was　found　that which deformation of　the　electric

field and density di stribu ti ons　dominates　might depend　on the

boundary　condition.　　Another　important result caused ty　the

competition between quasilinear　and　mode　coupling　processes

was　that　the　system　showed　the　cyclic　growth and decay　of

waves。

　　　　　Common　features　in　the　one-　and　two-dimensionalmodels

were　as　follows:　When E　is ｂｅ１°１E゙ . (critical　electric

field), the　system behaves　gently.　　　In　this　case, two　－

dimensional　model　succeeded　in　obtaining　the　fully-developed

turbulent　state.　　０ｎ　the　other hand, when　^ext　Is　far ‘beyond

Ｅｃ１゛ｔｈｅ　system develops　into　strong turbulent　state.

Unfortunately, we　had　ａ numerical　Instability　in　this　case.

工ｔ　is, however, easy　to　infer　that　very　strong wave-wave

Interactions　take　place.　　　The　numerical　instability　may be

due　to　the　smallness　of　the　number　of　harmonic　waves　taken

in　the　computation。

　　　　　工ｎ　the　ionosphere, it　is　controversial whether E .　is

ｂｅｙｏｎｄ｀ＩＥｃｌ１　０ｒnot, because ^cl　is the　function of ｍ万any　lono-

spheric　parameters　of　which we　do　not know　the all　values at

this　stage　and　is　theoretically　derived under　some　assumptions

described　previously‘　　　Therefore, we　should regard　^cl　as

the　rough　measure beyond which　the　system becomes　violent

and　large　density　irregularities　are　formed.　　Anyhow, we　can
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expect　the　validity　of　our model as ａ cause　of　the　ionospheric

irregularities.　　The　other　supports　of　our　two-dimensional

model are　two:　One　Is　the　oyclic　growth and decay　of unstable

■ｗａｖes　as'observed　１ｎ artificial　plasma olouds　in　the　lower

Ionosphere.　　This was　confirmed　partly by　our model.

Another　is　the　flattening　of　the density　profile　observed　１ｎ

laboratory　experiments (reflex arcs).　　We　could　obtain　the

clear　flattening　of　the density　profile　under　the　boundary

condition　pertinent　to　the　laboratory　ezperlinents.　　工七was

also　pointed　out　that　the　ｆｌａ七七enlng of　the　potential　profile

may be　more　important　In　the　ionosphere　than　in　laboratories･

This　point may be　clarified　In　the　future ty　sounding rockets

passing　the　sporadic　Ｅ layers ，ｆｏｉヽexample。

　　　　　Fromａ　view-point　of　plasma　physics, nonlinear　cross-

field　instability　presents　an　attractive　example　of wave-wave

interactions. We　found　that　the　waveforms　bec8une　saw-tooth

or　soli七〇ｎ‘like.　　　This　fact　Indicates　that　the　system　equation

゛゛ｙapproximately be reduced　to　the Burgers　or Kortweg de
ｙ

lries　equation, respectively.　　　The　turbulent power　spectrum

of　the　density wave was　approximately k~-^　ｏｉ･　softer　inour

cases,　being　consistent with　the　previous　works　In　one-dl-

menslonal model.　　Ｔｈｅ･energy　exchange between　the　supplier

and　the　consumer was　also　discussed:　The　energy　from　the

background quantities (density　gradient and　external　electric

field), which sustain the Instability, flows continuously to
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shorter vfaveleng七ｈ　components ， while　the　part　of　the　energy　of

unstable waves　feeds　back　to　the　supplier.　　Thus, we　could

understand　the dynamics　of　nonlinear wave-wave　Interactions, to

some　extent.　　We believe　that　this　computational　approach

will　contribute　to　the understanding　of　plasma　turbulence,

more　or　less.

　　　　　The　third　ｐａヱヽ七　〇ｆ　this　thesiswas　devoted　to　the　appll-

cation　of　the　cross-field　instability　to　the　auroral　iono-

spheric　irregularities, i.e., auroral ａ工ヽcs　whichａヱヽｅ　most

beautiful, dram万Ｑ一万tic　phenomenon　thatman has　ever　found　in　the

world.　　Our　concern was　ａ formation mechanism of　auroral ａ：res

in rather quiet　times・　　　This　study was based　on　the　idea　that

the　auroral　arcs　may　　have　their　orogln　in　the　ionosphere

rather　than　in　the magnetosphere　in magnetically quiet　times;

that　is　to　say, density　fluctuations　in　the　ionosphere　grow

resulting　In ａ wavy　irregularity　of　lonlzatlon by　the　action

of the cross-field instability (1st stage), and thereafter such

an　irregularl ty (arc-to-tie) develops　into　auroral　arcs　unde『

the　influence　of　field-aligned　currents (Birkeland　currents)

triggered by　an　induced　potential　across　an arc-to-be (2nd

stage).・　　Now, there　１Ｓ　no　doubt　of　the　Important　relationship

"between field-aligned　currents　and auroral arcs, as　has been

observed　by　sounding　rockets　in　quiet auroral　arcs*　　The

possibility　of　the　cross-field　instability　in　the　formation

of　quiet　auroral　arcs　is　controversial.　　０ｆ　course, we　cannot
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deny　other　possibilities which must be　sought　In　the　future。

Nevertheless, we　hope　that　this work gives　ａfirst　step　to

the　understanding　of　electrodynamic　coupling between　the

ionosphere　and　the　magnetosphere.
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Appendix

　　　　Let　us　evaluate　the　stability　criterion of　an　Inflnl-

teslmal　disturbance.　　To　this　end, It　is　first　required　that

the　steady-state　solution be　found.　　　Since　the　governing　Ｅｑ・

(４．６)ａｒｅ　nonlinear　differential　equations　and, In addition,

the　boundary　condition　Is not　clear, it　Is　difficult　to　find

the　ｅχact　solution.　　For　the　sake　of　mathematical　tracta-

bility and　ｗ１七hout　loss　of　generality, therefore, we　assume

ａ　simple background　distribution:　the　zero-order　electric

fields, E^^ and E , external　plus　amblpolax, are　constant

and　the　zero-order　electron concentration n (y) Increases

toward the east with ａ constant rate　Ｋ ９　゛here　Ｋ:゜d(ln 110)/

dy.　　These assumptions may be valid for short wave dis-

turbance, namely, for ｋ　＞タＫ　．　　For　the　ionosphere　of　our

concern, this condition Is ！ posteriori　satisfied (see Ｅｑｌ・

(4.11)).

　　　　Under　these assumptions ， we　shall　Impose upon　the　qui-

escent　ionosphere an　electrostatic　disturbance　such　that

n = nQ(y)十nexp(ik X +ﾚ1kｙｙ“　iwt),

EＸ ° ^XO “
^$exp(ik^x十ikyY

’ i(i)t)ﾀ (A.I)

=y °^yo “ ･^$exp(ikj^x + ikyY - iwt),

158

夕

ゝ



Upon substituting (A.I) Into ('+.6) and linearizing ｌｔ ， we

obtain　　　　　　　　　　　　ｌｌ　　　　　　　　△・●●●●･●　い卜　　　よ　　＼　　ヤ,..．，

- iω　－　ik
　
　
０

　
　
ｙ

　
Ｅ
士
Ｈ
　
μ
　
／
χ

　
　
χ 7μj;ＥＸＯ）十ikｙ（ぺＥＸＯ士ぺ;Ｅyo

十Ｄtk2十⑤+ 2anQ］R

十［:t4k2110‾i（4kｘ ！ べ;ｋｙ）ン］吊゛Ｏタ

where ｋ２ ＝　ｋ：＋ｋｊ・

easily　be　derived.

obtained　as

ｒ　＝

(A.2)

　From (A.2) the　dispersion　equation can

The growth rate Ｆ じ= Re(-iω）1　　1.Ｓthen

MKk^

Mjk2（1　十　ｔan20）十（ＭＨ　‾　Ｍｐｔalle）2Ｋ2

）i｛［(M - MＨｔ゛111e)ＥＸＯ゙ (ＭＨ ゛％1ﾆan9)り01 ゛P

゛（ＭＨ‾Ｍｐｔ゛゛e）｝“2°゛O‾゛2_cimb!25

y

For　the　parameter　set　given　In　the　text, we　have

IＳχ。1゙ ｡ 10“‰|りI)Σ一吐)|ヽ・μ10-9･

(A.3)

so　that　the　diffusion　term　In　the　curly　bracket can be

neglected　compared　with　the　^xo　term°　　Accorglngly, the
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growth rate Ｆ is approximately given by Eq. （４・７）．
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