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Neutral Sheet Croceinge in the Diotant Kagnetotail

U. J. HEIKKILA
(Univ. of Ta=o ●t Dallas, Richard-on, TX, 75C83-0688)

J. A. SLAVIN ●nd E. J. SIIIT?I,
(Jet Propulsion Laboratory, Paeadenn, CA 91109)

D. N. BAKER and R. D. ZWICKL
(Lee Alamos National Laboratory, Toe Alamos, tOf 87545)

Abetract. We have analyzed the magnetic field dats from ISEE-3 in the dtstant

magnetotail for 18 crooainge ‘f the croaa-tail cur:ent ahect (or so-called

neutral eheet) to determine the direction of the normal component Bz. The

croesinge occurred near the middle of the aberrated magnetotail (O < y < 30 &

-10 < z < 5) in GSll coordinate, at a distance of akut 220 ~, Jariuary 28 to

I’ebruary 12, 1983; in each caoe the plasma flow velocity was tailvard. In 2

caoes we found 12 negative (southward), as would be l’tquired with a magnetic

neutral line (reconnection line) earthward of the spacecraft. In 12 caaes Bz

was claaI:ly nortt,ward (Bz > 0.4 nT), coneiatent with l:loaed field lines

connected to the earth. In 3 caoec Bz waa very cloea to zero; l.n several

instnncee there w~a etructure in By, ouggenttng localited currentti with x or z

directions. One may have been a magnetopauoe crossingi The strong

prcpondorance of northward Bz f~vors a mdel of the Mgnetottiil which 1s

dominated by boundai’y layer plaorna, flowing tailward on c]oded magnetic field

lineo, which requires the exiotance of an electric field in the ~enoe from duck

[0 dawn. Since the obnerved flow WaEI unually lean than ;he magnetoeheath flow

tpead, theme oboervatlono are consistent with the idea t)at rnagnetocpheric

proce~mas arm powered by ● bo~lndnry layer dynamo; CII1O to ● form of viscous

lnternction first propoced by Axford and Hinen. Tht etan~!y state raconnoction

modsl of Dungey is not supported by thaee oboervatione.



The presence of an ●xtended Mgnetotail at all times has had couaiderable

influence on our concepts of the plasma phyaica of the magnetosphere. Many

workers (see :he reviews by Covley, 1980; 1982; 1983; 1984a, b] beli,eve that

models based on the reconnection process (Dungey, 1961) are supported by the

obeerv~tione, especially now that ISEE-3 haa accomplished ita Geotail Miaaion

(see the gpecial iseue of Geophysical Research Letters, 11, October, 1984). In—

particular, the z-component (in GSH coordinates) of the magnetic field beyond

200 ~ was reported to be slightly negative (pointing southward), implying that

the steady state reconnection line, or X-line, wae Inside of trlat distance

(Tsurutnni ●t al., 1984). Perhaps the meet convincing evidence has been the

observation (Zwickl et al., 1984) that the plasma velocity wae always tailward

at the greatest distancee (more than 97% of the time Whan the apacecruft was in

the magnetotail at x < -180 ~). With the usual dawn-dusk ●lactrlc field acroaa

the magnetosphere, the magnetic field would have a southward component ao that

the plasma velocity ~ z E X B/B2 would ba taflward. Zwickl at al. (1974)-—

concluded that tlie X-1ine was “. . . usually wjtnin 120 ~ of earth, und rarely

beyond 180 ~.” Sluvin ●t al. (1985), uYiug 5-mfnute average valuee clf the data
.

in lmxea 10 ~ in the x and y d~racticns, concluded that the reconnection line

wae curved (see their Figure 20 and our Figure la), oupportfng a prad~ction made

earlfer by Ruoaell (1977). They found weak southward Bz from y(GSH) ● O to 30

R~, at -If!O ( X < -225 R@, in the c~ntral psrt of the aberrated magnetotail

(aberration of approximately 4“ bec~une of the sarth’c ortitsl vulocity).

On cithar side of thfe interval Slavln ● t ●l. (1985) found northward Bz (a,a

their Figure 12 snd our Fi8ura la). Since tho plaema velocity wsc tnilward,

thto findtn~ tmpliea that the convection clectplc field wa~ directad from dusk-



to-da= (ace Flso Eleikkiln, this meeting in the Dialog

Model of Subotorms in the Magnetotail). ThIe aenee is

electric field in

the region of the

convection in the

the plasma sheet cloeer to earth for

on t}ie Phenomenological

opposite to the dawn-dusk

earthward convection, or

deduced interplanetary magnetic field (IMP) lines for tailward

distant tail. Fowever, ft is in the same sense (Eastman et

al., 1976; 1979; Ileikkila, 1979; Lostoker, 1984; Lundin and Dubinin, 1985;

Lundin and Evans, 1985) aa the electric field in the low latitude magnetoepheric

boundary layer (LLBL). Consequently, it is tempting to conclude that the broad

regions (=15 ~) on the flanks of the distant magnetotail are a continuation and

enlargement of the LLBL cloeer to the earth. This conclusion is reinforced by

the quantitative statistical result that the average electrostatic potential is

the same, namely abwt 20 kv for bth the dawn and dusk hyero (Fleikkila, 1986a;

alao Dialog this ❑eeting).

The ●arl.? ?tatiatical studies of the ISEE-3 obaervationa are also difficult

to reconcile with Villante’a (1976; 1977) analysia of Pioneer 7 data obtained in

September, 1966, at the still greater distance of 1000 ~. In a detailed study

of 14 magnetic field reversala (neutral sheet croeslngs), Villante found all

average northward Bz of 1.5 nT. Cowley (1984a) has diemiosed this result,

aaytng that tt te ‘considerably ●t odda with exper.tations-. However, Cowl.ey

●pparently had only the reconnactlon model in mind in reaching his negetive

conclualon; Villante’e reeult 1s in ●xcellent agreement with a mtiel in brh!ch

the LLBL ia nseumed to dominate the physics of the magnetotail (Heikkila 1979;

1983; “.984a, b). In this mdel it it a ‘reversal of the ●lectric field (rather

than tile Mgnetlc field) that 10 asamial:cd with tailward flow in the dieitant

magnetotail (Heikkila, lY84b).

It la true that a

in the lnt~rpretation

number of difficulties and uncartaintiea can indeed occur

of the data; nomm of theta have been dirncueaad by Heikkila

3



●t al. (1985). There la ueunlly a flappin8 mtion oi the tall, ae Indicated by

the large standard deviation (Bz - 43~22 t 1029 UT at x = -200 ~ in the work

of Slavin et al., 19e5). The ~ component Introduces ‘faloe” ~ and Bz

components by its tilt, aa can be seen for Bz in Figure l(b) within the dashed

box; it ig expected that this false Bz component will be reduced by averaging

over sufficiently long tiuvea. That such flapping mtion does occur IB shown by

the fact that ISRE-3 entered the magnetoaheath on almet evrry day when it was

within the nominal magnetotail.

Still another difficulty is the presence of localized structure, turbulence,

and wnve activity. These often occur in association vith magnetic islands, or

plasmoide (Baker et al., 1984; Rome et al., 1984a,b), when a new reconnection

lin~ in created (shoun by X’ in Figure l(b)). These are transient features,

associated with Sub@tom, *ich can occur Oeveral times a day during periods of

intense geomagnetic and auroral activity. In this ~ee, the X-line is not

acroea the entire maflnetotail, but is Internal to it, connected to an O-line (O’

in Figure l(b)). Such ehort-lived events maY be produced by very different

phyel.cal procenses, and should i~ot be ‘,ncluded in an analysis of steady state

features.

Uhar really matters for the reconnection models h the sense in which the

magnetic field crosses through the neutral shaet, and not MO much its orien-

tation within :he lobes, which can & ●ffected by the flapping melon. The

epacacraft wao at its apogee tailward of the deduced curved X-line only for

about 2 weeks (January 28 to February 12, 1983), and unusual eolar wind

condltiona mny he’re ●ffected the reoultt In addirion, a lumpy structur9 ●s

shon in Figure l(c), perhapo ca’lsod by ● filamentation of tha croao-tail

currant, might chow IIegativa BZ with long term averaging, together with

inadequate sampling. Finally, the level of geomagnetic tctivit~ may hmva ●n

4



●ffect, ● negative Values do Occur when d-molds (magnetic ialande) are

preseut (Baker ● t al. , 1984). Such difficulties and complications can be

avoided by concentrating attention on the =gnetic field e=ctly at the field

revereal (or the so-called neutral sheet) region.

Here a complication could arise sfnce Bv may also have a characteristic.

change at the same time. If, however, the field changee all occur in a constant

(inclined) plane, then it may be poeeible to find a new coordinate system in

which one component (essentially the cross-tail ~ component) is negligible, and

to follow changes in the other two when the primary field reverses; thus if

B’y = O, and B’x = O at the reversal, then the field has only the one component,

an adjust?d B’z~ here the primes denote values in this slightly inclined

coordinate ayetem. This can & accomplished by doing a mirimum variance

analysis, ●nd la what Villante (19/6) did with the Pioneer 7 data.

It is the purpooe of the present paper co analyze ttw ISEE-3 data with

similar -thode, using high resolution data, in order to reeolve this

controvaray. Th? total amount of data produced by ISEE-3 in the distant

magnetotail is enormous, and in this first analysis we will focus our attention

on the central part of the tail *en the spacecraft was tailward of the curved

X-1ine as deduced by Slnvin et al. (1985). The actual event locations that rere

analyzed mre ehown in Fig. l(a).

ISP.E-3 KrjAsuKEKENTs

WC havs used data ircm the Jet Propu~ston Laboratot’y vector helium rmagneto-

rneter m I!XE-3 (Frandeen et al., 1978), ●s veil as the Loo Alamoe National

Laboratory plasma ●nalyzer ‘Bame et ●l=, 1978)0 The nu8netometor makas 6

❑easuramento per eecond, wfih ne81igibla drift; these can be averaged for the

kind of temporal resolution raqutred, commonlY la, 39, 1 minute, 5 minute, or 1

5



hour. The plaema Instrument performs a 3 second electron measurement with 16

energy aveepe repeated every 84 eeconde. A detailed discuaslon of the methods

used to derive plasm bulk parameters from the electron ~aeurements and their

limitations is found in Zwickl ●t al. (1984). These parameters are the bulk

d~nsity, temperature, flow speed and direction.

Aa has been pointed out before (Zwickl ec al., 1984; Slavin et al., 1985),

we do need to look at both kinds of data in orde: to identify crrrectly the

Vartous regions; thig we have done for all the events analyzed in this paper.

A eample of representative data is ehoun in Fi~~re 2, 3, and 4 for a one hour

period on 5 Fellr~ary, 1983. Geomagnetic activity wae rather high with Kp =

6 (Z kp - 57 for this day). The magnetic record in Figure 2 ohova a slightly

variable field from 1S00 to 1510 UT, followed by a mre tail-like field up to

151C UT of slightly lncreaeed magnitude. At the beginning of the interval the

plaaw. wao obeerved to have unifom constant properties, such as deneity N =

3 cm-3. electron temperature T = 2.5x105 K (22 eV), and a tailward (look anale

+ = 0°) velocity V - TOO ~/a (rather high but verified by IMP-8). The electron

fluxes in Figure 4 Show an enhancement in counting ratee in line with the sun

pulse at the lowest energieo upon which che magnitude and direction of the

velocity in Figure 3 was baged; we also note counterstreamin8 flow in Figure 4,

perhapa a result of mirroring of the electrone at the higher magnetic field

etrength ncarar che earth on open or interplanetary field lines (see Bame ●t

al., 1983; Baker et al., 1986). These plasma properties are characteriatlc of

the magnetoeheath, and lt is virtually certain that the spacecraft wae in the

magnetoshaath until 15:10 UT. The magnetic field had the garden hose

oriactation in a toward-aector~ tith ● sizable southward componant; howevar, it

may be influenced by draping around the magnetopauee.

At 15”!0 UT some changee are noted in ~ ●nd ~. At the came time ther~ ●re

6



alight changes in the plasma properties, Pigure 3 ehowing a elightly decreased

demsity and velocity. The individual sweepe in Figure 4 show a slight redt~ctlon

in flux, especially at the lowest energies, tailward atremiag at the lowest

energies, and again some counterstream-ln8 at the higher energies. The decrease

fn density and vel~city wggest that the spacecraft was in the magnetospheric

boundary layer at this time. It may be in the dusk side boundary layer, since

By is negative with ~ poeitive. Unfortunately, the computed tail region

siguture at the bottom of Figure 3 does not include any indicator for the

boundary layer.

Suddenly, at 15:17:14 UT, the plasma is considerably ●ner~ii 4; by comparison

with data shovm by Hone@ et al. (1984, their Figure 4), we recognize the

eignature of a plaemoid. The magnetic record confirms this, with Bz going

strongly posit+ve followed by nagative values for 6 or 7 minutes. We state

again that we want to avoid traneient effects such u plamoide in our effort to

analyze steady state features.

After a photoelectron measurement at i$?O UT, the next sweep four minutes

later indicates a high plasma density with magnt!tosheath-like characteristics, a

feature continued for the next 18 minutes. The magnitude of the mgnetic field

suggeeta the mugnetoeheath again; however, the peculiar PHI trace (e.g. the

repeated 180” swings at 15?2 and 1534 5.C suggest some ordering, perhapa by the

magnetopause current. Perhapa the spacecraft was in a region of nutgnetoeheath

pladma entry ar proposed by Gosling et al. (1984) and Baker et al. (1986).

Thus, we propose :hat the spacecraft was wandering in the magnetopause/lobe/

boundary layer regions during this period of 18 minutes. A single set of sweeps

beginning at 15:42:25 UT shove a still higher density, lover temperature, ●nd

higher velocjty, and the spacecraft r~w appearo to be clearly In the

magnatooheath; the ~gnitude of the field f.a lower, in conformity with this

7



identification.

After another magnetopause croeeing at 15:43:30 UT the spacecraft again

enters a low density region. The flow speed and direction indicators are

erratic (because of the low countim rates)) bt still counterstreamlng appears

to be pre9ent. Within thfg region there 1s a crossing from the southern lobe

into the northern lobe at 15:S5:S0 UT that appears to be at a unifomn speed,

judging by the waooth ~ record. This 10 the kind of crossing we wish to

analyze.

We note th~t at the precise moment of the field reversal when ~ = O, and

the magnitude ]Bl was very small, the component Bz has a shaq positive peak.

It is slightly negative on either side, when B= is over 10 nT, corresponding to

a slight tilt as in Figure l(c). We also note that a longer term average (e.g.

5 minutes) might show a negative result for the interval 1555-1600 UT, whereas

at the croeeing Bz va~ atron81Y Pooitive” Many models have atvsumed that IIz IS

constant across the neutral sheet, but this croeeing shows this aaeumption may

not be accurate.

There is also a characteristic cnange in ~ at the same ti=. A minimum

variance analysis of the magnetometer data (Figure 5) haa been done for this

field reversal region (see also TabLe 1 and Figure 3 of Fleikkila ●t al., 1985);

we used the ❑ethod of Siscoe et al. (1968) in which one component 1s aoaumed to

be negligible, eo the change occurs through rotation in a conetant plane. (We

have also u~ed Sonnerup and Cahill’s (1967) method. which does allow a finite

normal component, witil essentially the same results.) In this case B3 is the

minimum variance direction, and we identify B3 with B’ ~ oimce the rotation wau

only about 30” (Eleikkila et al., 1985); the average value of B3 near the

crossing waa 0.4 nT, nnd shoved only small variability. The maximum variance

direction is B1 (i.e., the earthward component). The no-l component B2 (a

8



modified B’z) is indeed poeitive~ - ah- by the hodogram track remaining above

zero in the hodogram aa B1 reverses, being 3.7 UT at the reversal of B1.

Therefore, this neutral sheet crossing is clearly earthward of tho X-line, not

tailward as implied by Slavin ●t al. (19-5).

Figure 6 presents a hodogram for another crossing, that at 01:46:27 UT on

January 28. The main difference between the two is that Figure 6 shows umre

wave activity than Figure 5. The plot of B3 va B2 Indicatea a wave of circular

polarization (with a period of about one minute, as deduced from the recorded

data). It is likely that the observed value of the Bz component at the croeeing

of -0,1 nT ehuuld be increased to B’z = +0.5 nT for a measure of the true normal

component, as an allowance for the wave activity. By the same token, Bz for the

croeelng on 5 February should be reduced to B’z = 2.0 nT. These qualitative

corrections are listed under B’z in Table 1.

The next croeaing at 02:09:40 shows that the amplitude of the waves can be

small (Figuve 7). Hovever, met of the crossings that we have analyzed showed

appreciable wave activity, and also the characteristic W pattern exemplified

by Figure 5.

Actually, we have found that the record of the magnetic field is often

sufficient to recover the 9~gn of Bz in the neutral sheet. For example, on

February 10 at 21:20 UT (Fig. 8) the spacecraft dipped into the neutral sheet

for about 5 minutes, and again at 22:35, 23:30 and 23:45 UT, with actual

crossings at 23:42 and 23:5o ~. Each time the Bz component increaaed when the

magnitude IBI decreased to low values. This fact underscored the weaknesu in

trying to ●stimate IIz from its value away from the field reversal re8ion” The

plaoma data for this interval are shown in Figure 8(b). When the deneity #ae

low (N = 0.1 cm-31 the flow speed V was mall; at higher denelties (N = 0.5

cm‘3), V was higher, 200-400 km S-l. The direction was tailward throughout, but

9



modified B’z) is Indeed positive) as sh~ by t I horjogram tra,:k. remaining above

zero in the hodogram aa B1 reverses, being 3.7 III’ at the revcr!~nl of B1.

Therefore, this neutral sheet croaaing ie clearly +!arthward of the X-line, not

tailward as implied by Slavin et al. (1985).

Figure 6 presents J hodogram for another croosi , “.,,lra r il; , -.6:27 UT on

January 28. The main difference &tween the two is char Figure h shows mre

wave activity than Figure 5. The plot of B3 vs B2 Ildicatea a wave of circular

polarization (with a period of about one mfnute, as fl?iuced irom thr, recorded

data). It Is likely that the observed value of the Bz component at the croeeing

of -0.1 nT shou”.d be increased to B’z = +0.5 nT for a 1~.~asur~ of the true normal

component, as an allowance for the wave actjvity. By te name token, Bz for the

croeaing on 5 February should be reduced to B’z = 2.0 n? ThG..si {l,ul.itative

corrections are listed under B’z in Table 1.

The next croseing at 02:09:40 showe that the amplitud. .): i!le wives can be

small (Figure 7). Eowever, -at of the crossings that we ~Iave til.qlyzed showed

appreciable wave activity, and also the characteristic W p r-r ..xemplified

by Figure 5.

Actually, we have found that the record of the magnetic FiP’LL’ IY often

efficient to recover the sign of Bz in the mutial sheet. ‘: r ~mmple, on

February 10 at 21:20 UT (Fig. 8) the spacecraft dipped into t.e ~],(ltral sheet

for about 5 rnlnutea, and again at 22:35, 23:30 and 23:45 UT, I.Ih a[tual

croeaings at 23:42 and 23:50 UT. Each time ~he Bz component I,{:reneed when the

❑agnitude IBI decreaaed to low valuee. This fact underscores t;lr weaknese in

trying to eetiwte Bz from ~ta Value away from the field reversal region. The

plasma data for this interval are shown In Figure 8(b). When the dtnsity wao

low (N N 0.1 cm-3) the flow speed V was small; ●t higher denaiti~:; (N - 0.5

cm‘3), V ns higher, 200-400 km s-l. The direction was tallward :.!lroughout, Imt

9



it ●ppears to be near a stapwtion region ●t low densities. Y%e obvious

conclusion IS that ths el=tric fle~d Ori-tatlon was from dusk-to-dawn , of

magnitude 0.1-0.4 mV/m.

We hawe studied the magnetic record, ueing 1 minute averagts as well as 3

gecond averages for che NO vee~s In che central magnel.ocal!. tailuard of the

hypatheeized cut~-ed X-line. Time and again, we have found the behavior

exemplified by Figure 8 (eee a!so Fig. 9).

Nevertheless, there are a few caees vhen Bz was negative at the neutral

sheet crossing when appal”ently plasmoids were not present. Of the 18 cases we

etudied in this ti= interval, we have found oniy two such caeee. (he we the

crossing on January 30 at 9:52:16 UT (F18. 9) (but note that there are several

cases wh”n BZ > 0 whe~ !Bl < 2 nT in this record). The hodogram (Fig. 10} chows

a clearly negative BZ (“ Bz), @th some e~ll wave activity ~re~ent. Fig. 11

ehowe heating 20 e after the neutral sheet crossing when the magnitude at the

eroeaing wa8 3 W, meetly because of the eizeable ~ component. In tiew of the

high activity durin~ this period (KP = *), we euapect that n -11 plaamoid my

be preeant.

The other ●vent when Bz was negative was on Februam ~ at 22:22:54 n.

Figure 12 displaye the hodogram; we feel that the instantaneous measurement of

Bz . -o.6nT should be incraaeed to +3.5 nT as an allowance for the wave

●ctivity. Figure 13 diaplaye the individual sweepe of the plasma instrument;

●gain, there 10 strong heating for one eet of Weeps, ●rectly when the magnitude

wss s~proeching its minimum value (see Fig. 14). In thit caee, it could be

●rgued cnat wave ectivity has influenced the reeult. Alternatively, a plasmoid

may luve “L9dn preeent.

Ve preeent the resulte of the miniw variance ●nalysis of 18 neutral sheet

crooeings in Tabl* 1. Twelve of the crossings show Bz clearly poeitive (Bz >

10
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allowance Iu made for the wave activity. One case waa very close to zero, and

another was poeeibly ● mgnetop~~uae croeaing, ●nd should be excluded. Only ome

(or poaoibly tvo) shoved that Bz ~ae clearly negative, conaimtent with ●n X-line

earthward of the spacecraft.

‘ri addition, a perusal of the magnetic reccrdi:lgs, with 3 s and 1 m

●veraging, mhowed a consistent increaae of Bz to positive valuee aa the

magnitude of the field decreased below 2 nT.

Consequently, we estimate that the average value of Bz ●t x - -220 ~ was Bz

● 1.1 nl’.

Conclusions—.

Our finc!inga suggest the following concluaicm:

(1) The component BZ ~rmal to the neutral sheet (or field reversal region)

points decisively mrthvard IN 12 out of 17 caaea (702).

(2) Thic component -a ~rgeat at the actual croacing, and became emaller

on either nide. t

(3) Bz wan n~gative in one, or perhaps 2, of the croaaing~.

(4) Bz waa very C1OOC to zero in 3 caeet.

(5) Average uncorrected Bz = 1.1 nT.

(6) Average S’2 ● 0.8 nT, corrected for wave ●ctivity (by ●ye).

(7) There waa ucually wave ●ctivity present, auggeating waves travellfn8

●long the magnetic field with circular polarization.

Diacueaion.--—

It la ~enerally ● 8ood idea (in aomc caaea a neceaslty) to hypothesize ●

model baaed on fundamentf~l physical pr~nclples in approaching a new problam,

●specially if the total ●mount of tiLa ~vailable ia very limited in qu=,~tity or

quality. Such la the caae for t% magnetosphere, where ■aasuremente ●re ucually



made cm only ● relatively few moving spacecraft. It goes without eayfng that

any -del must be falsifiable on the ~eis of obeervatiomal ●violence.

One f,uch wdel is provided by the idea, or process, of magnetic recomec:ion

pioneered by Dungey (1961); Cowley (1980) hatl given a remarkably clear

qualitative explanatim of it. This idea seems to be especially clear for a

southward interplanetary mgnetic field (IKF). A key feature is a

magnetoopheric ●lectric field which always points from dawn-to-dusk (see Figure

1 and 8 af Cowley, 19813). The magnetic field forms steady etate X-1ines, or

reconnection lines, one in the sub-solar magnetopause, the other in the

magnetotall. The ❑erging rate at each X-line la d~pendent on the magnitude of

this electric field along it. The cenvaction velocity, ~ = E x ~/B2, depende

on this topologY of the Mgnetic and electric fialds; it 10 earthward on the

e~rthward side of the X-l:ne in the tail, but tailward on the oppaaite sida.

I%US, vhen the ISEE-3 data at ?he distant upogae showed tailward convection in

all p’.asma regimes (lobe, boundary layer, and plaama sheet) it was natural to

conclude that the steady state X-line was earthward of the apogee (Zwlckl et

al., 1984).

Flowevcr, the 10V latitude boundary layer (LI.BL) juot Lneide tt,e ~gnetopauae

se~ I to have been werlooked in the analymis carried out chue far. This LLBL

providas a form of -*iacou_ interaction, in ● totally different molel of the

magnetosphere first propooed by Axford and Hineo (1961). Figure 15 10 based on

their ideas, but with the addition of a magnetoMpharic tmundary layer.

TWO important recent ftndinge now enter the picture, One ie th~ conclunlon

that the 10V lstitude boundary layer (LLBL) cloaar to the earth ia polarized to

tcno of kilovolts (Footer, 1984; Eaotman et al. 1985; Lundin ●! Dubinin, 1985;

Lundin ●nd Evsns, 1985; Heikkila, 1986). Th~ oamo la true of the distant tail

(liaikklla, this meeting on Dialo8 on the phanomenolofjical mdel of wbatotma in



the magnetotail). Slavin ●t al. (1985) did note that the plasmm flow was

tailward ●verphere at the distant apogee of 220 ~, fa marked contrast to the

reconnection mdel, accordin8 to which it should have been esrthward on the

earthward eide of the X-line. In particular, the flow was tailwmrd in the broad

regions on the flanks vhere Bz was directed northward. This requires that the

electric field van directed from duck-to-dam, and we identiry it an the

boundary layer. The data in the a=ticle by Slavin ●t al. (1985) allow the

Calculation of the potential difference due to the LLBL, and Reikkila (Dialog

this meeting) deduced 40 kv for the dawn and dusk boundary hyers combined.

This leaves only about 20 kv that might be due to reconnection, out of an

observed 50-60 kv on average across the polar cap.

Slavin ●t ●l. (this meeting) have now found that at low levmis of

geomagrletic activity (AL < 100 nT), the direction of Bz was northward acrow the

entire magnetotail at 200 ~. Since the f~ov was still tailward, they hava

concluded that ‘the low Latitude %hll~dry layer extended ●croos the full width

of the quiet-time plama sheet,” This feature of the magnetotail wae predicted

by Heikkila (1983, 1984a, 198i’b)~ Accordin8 to thin ~del, the plasm eheet

cloeer co the enrth is a OM1l cevity fillad vith 10V density plaema with

earthward convection and energization, @ngulfad by bundary lajer plamma flowing

tallvard. The number flux of lone in the LLBL le quite high (- 1027 --1),

●ccording to a Cement by Heikkila (thie meeting). It hae adequate power to

maintain earthward convection in the plaem ehaet, to generata Birkaland

currents, and to produce aurorao.

Our presmt etudy hae concentrutcd on Bz during tha two veflks when ISI!E-3

wae tailvard of the curved X-line deduced by Slavln @t ●l. (19[15), a period whsn

considerable geomagnetic activity occurred, but ●leo with some quiet p-riods.

We have found that Bz wac clearly notthward met Of the tim~. This ffndin8



negates (falaifiee) the presumed existence of the cumed X-lirle at all times,

●nd ●long with it the hypothesized importance of steady stmte reconnection.

Instead, it tmlsters the notion that tailward Lmundary layer ?low is the primary

agent for plasma sheet processes, including auroral phenomena. Transient

proceseee, including u.gnetic Mrging or reconnection (but wi:h curl E * O) can

produce plasmoids, a totally different phenomenon (Hcikkila, ..984b; Heikkila and

Pellinen, 1984; Heikkila and TreiIhou, 1984; Heikkila, Dialog this meeting].

A crucial question now centers on the process of entry of ~’olar wind plaame

through the ~gnetopauuc, and ite ●xit at large distancee downt(~il. Most of

this plasma cannot return (there is too ~ch to be returned via the plao-

aheet, ●nd its mmentum is too great), implying th~t frozen fiell convection of

magnetic flux in the magnetotail muet eomehow be violated. The t:ircul~tion that

producee viscous interaction la not cyclic (as prowsed by Cowley, 1982), but

rather open-ended. This point has been ●ddreosod by Heikkila (1986b), who

concludes that it is ❑eaningless to ●pply the frozen field condition within the

thin Mgnecopause. What really matters is what the plasma particlea do, and

apparently they are able to croes the magnetopauea tnco the LLBL (on closed

field lines) quite eaOilY, to produce a new MIID i,lsi~e. The masnetopauee should

hu re~ardad ●s a ~ink of magnetic flux on one #ide and a source on the other;——

frozen flux cubs; have no meaning in the thin masnotopaus~. In this scheme,

ther~ is no raqulrement for ● return concoction of magnetic flux in the.—

magnetotail, ●ny more than ● return t’low of ●ll tho plama in the LLBL.

1 In mmmary, Ma have found that in tha vact majority of the nautral sheet

crootinot (under quiet conditions when thara woco apparently no plaamoids) the

compon~nt of the magnetic field normal to tha nautral sh~at wao pomitive,

pointing toward- tile northern lobs of tha magnetotail. Thla rmult pooan

conaid~rabla difficulty for modala of tha magnetotall in which it is aoeumad

14



that ● steady otate reconnection line, or X-line, stretches across from dawn to

dunk ●t mderate diatancee down the tail. These data from ISEE-3, aa well aa

the earlier data from Pioueer 7 and 8 are consistent with t mdel of the

magnetotail which 10 dominated by boundary hyer plaama.

Thus, it appears to be a reversal of the electric fteld, and not the

magnetic field, that ●xplains the tailward flow at these locationo fsr dountail.

The driving ferce for magnetotpheric convection, including the plasma sheet, and

the creation of auroras is, in this model, the boundary layer flow. This la a

form of viscous interaction, as first proposed by Axford ●nd Eli,]es (1961). In

this wdel, the night-aide X-line 10 at the distant magnetopauae (somewhere to

the far right in Figure 15), the latter being as~umed to b a closed surface,

not ●n open surface ●a assumed by CWl~y (1980).

Parhaps it in pooaible that both proceseto (reconn@ctlon ●s wall ●t viscous

interaction) can operate at certain tim~s, or certain locations (as ham bean

suggested before, ●.E. Cowley, 1983); however, ouch ● combination has )’et to be

●lucidated (what happeno to th~ X-1ine in the bur. lary layar?). Uhate\)er the

true anowar is, it must bc fn ●greement with our pwsant result, nar,el) that we

have found II persistent northward Ez vhar, ●il pravlous int~rpretationpl have

suggeeted that only nouthward Bz eho!jld be pr~nant.
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