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Neutral Sheet Croseings in the Distant Magnetotail

W. J. HEIKKILA
(Univ. of Texas at Dallas, Richardeson, TX, 75C83-0688)
J. A. SLAVIN and E. J. SMITRH,
(Jet Propulsion Laboratory, Pasadeas, CA 91109)
D. N. BAKER and R. D. ZWICKL
(Los Alamos National Laboratory, Toe Alamos, NM 87545)

Abstract. We have analyzed the magnetic field dats from ISEE-3 {n the Jd<stant
magnetotail for 18 crossings ~f the cross-tail cur:ent shect (or so-called
neutral sheet) to deternine the direction of the ncrmal component B,. The
croesings occurred near the middle of the aberrated magnetotail (0 < y < 30 R,,
-10 ¢ z ¢ 5) in GSM coordinates, at a distance of atout 220 R,, January 28 to
I'ebruary 12, 1983; in each case the plasma flow velocity was tailward. 1In 2
cases we found 7, negative (southward), as would be required with a magnetic
neutral line (reconnection line) earthward of the spacecraft. In 12 cases B,
wag cleariy northward (B, > 0.4 nT), consistent with closed field lines
connected to the earth. 1In 3 casec B, was very close to zero; in several
instances there was structure in By, suggenting locsalired currents with x or z
directions. Oune may have been a magnetopause crossing. The strong
prepondarance of northward B, favore a model of the magnetotaf{l which is
dominated by boundaiy layer plasma, flowing tailward on closed magnetic fileld
lines, which requires the existeance of an electric fi{eld in the sense from dusk
to dawn. Since the observed flow was usually less than :he magnetosheath flow
tspead, these observations are consistent with the idea t}at magnetospheric
processas are powverad by a boundary layer dynamo; tliis 1s a form of viscous
intersction first proposed by Axfrnrd and Hinea. Tha stealy state reconnection

modsl of Dungey is not supported by these obeservations.



INTRODUCTION

The presence of an extended magnetotail at all times has had considerabdle
influence on our concepts of the plagma physics of the magnetosphere. Many
workers (see :he reviews by Cowley, 1980; 1982; 1983; 1984a, b) belisve that
models based on the reconnection process (Dungey, 1961) are supported by the
observations, especially now that ISEE-3 has accomplished its Geotail Mission
(see the special issue of Geophysical Research Letters, 11, October, 1984). 1In
particular, the z-component (in GSM coordinates) of the magnetic field beyond
200 R was rveported to be slightly negative (pointing southward), implying that
the steady state reconnection line, or X-line, was inside of trnat distance
(Tsurutani et al., 1984). Perhaps the most convincing evidence has been the
observation (Zwickl et al., 1984) that the plasma velocity was alwvays tailward
at the greatest distances (more than 97X of the time whean the spacecraft was in
the magnetotail at x < -180 Rg). With the usual dawn~dusi electric fleld across
the magnetosphere, the magnetic field would have a southward componeni: so that
the plasma velocity V = E X 5/52 would be tailward. 2Zwickl et al. (1974)
concluded that the X-line was ". . . usually witnin 120 R, of earth, and rarely
beyond 180 R..-" Slavin et al. (1985), usiug S_minute.nveruge values of the data
In boxes JO R, in the x and y directicns, coacluded that the reconnection line
wvas curved (see their Figure 20 and our Figure la), eupporting a prediction made
earlier by Russell (1977). They found weak southward B, from y(GSM) = O to 30
Re, &t -180 < x < =225 Ry, in the central part of the aberrated mugnetotail
(abervation of approximately 4° because of the sarth's ortitsl valocity).

On efther side of this interval Slavin et al. (1983) found northward B8; (see
their Figure 12 gnd our Figure la). Since the plasma velocity was tailward,

this finding i{mplies that the coanvection electric field waa directed from dusk-



to-davr (see also Heikkila, this wmeeting in the Dialog on the Phenomenological
Model of Substorms in the Magnetotail). This sense is opposite to the dawvn-dusk
electric field in the plasma sheet closer to earth for earthward convection, or
the region of the deduced interplanetary magnetic field (IMF) lines for tailward
convection in the distant tail. Fowever, it 13 in the same sense (Bastman et
al., 1976; 1979; Heikkila, 1979; Kostoker, 1984; Lundin and Dubinin, 1985;
Lundin and Evans, 1985) as the electric field in the low latitude magnetospheric
boundary layer (LLBL). Comnsequently, it is tempting to conclude thac the broad
regions (*15 Rg) on the flanks of the distant magnetotail are a continuation and
enlargement of the LLBL closer to the earth. This conclusion 1s reinforced by
the quantitative statistical result that the average electrostatic potential is
the same, namely about 20 kV for both the dawn and dusk layers (Heikkila, 1986a;
also Dialog this meeting).

The earlv statistical studies of the ISEE-3 observations are also difficult
to reconcile with Villante's (1976; 1977) analysis of Pioneer 7 data obtained in
September, 1966, at the still greater distance of 1000 R,. In a detailed study
of 14 magnetic field reversals (neutral sheet crossings), Villante found an
average northward B, of 1.5 nT. Cowley (1984a) has dismissed this result,
saying that (t {s “considerably at odds with expectations”. Howvever, Cowley
apparently had only the reconnection wmodel in mind {n reaching his negetive
conclusion; Villante's result {s in excellent agreement with a mouel in which
the LLBL is assumed to dominate the physlcs cof the magnetotail (Heikkila 1979;
1983: °984a, b). In this model it is a ceversal of the electric field (rather
than tue magnetic field) that {s associated with tailward flow in the distant
magnetotail (Heikkilas, 1984b).

It is true that a number of difficult.ies and uncertainties can {ndead occur

in the Interpretation of the data; some of these have been discussed by Heikkila



et al. (1985). There is usually a flapping motion of the tail, as indicated bdy
the large standard deviation (B, = ~0.22 £ 1.29 noT at x = -200 Ry in the work
of Slavin et al., 1985). The By component introduces “false” By and B,
components by its tilt, as can be seen for Bz in Figure 1(b) within the dashed
box: it 1is expected that this false B, component will be reduced by averaging
over sufficiently long times. That such flapping motion does occur is shown by
the fact that ISFE-] entered the magnetoshea’h on almost every day when it was
within the nominal magnetotail.

Still another difficulty is the presence of localized structure, turbulence,
and wave activiiy. These often occur in association with magnetic islands, or
plasmoids (Baker et al., 1984; Honcs et al., 1984a,b), when a new recornection
line is created (shown by X' in Figure 1(b)). These sre transient features,
associated with substorms, vhich can occur seversal cimes a day during periods of
{ntense geomagnetic and auroral activity. In this case, the X-line is not
across the entire magnetotafl, but is 1internal to it, connected to an O-line (O'
in Pigure 1(b)). Such short-lived events may be produced by very different
physical proceases, and should not be ‘ncluded in an analysis of steady state
features.

What really matters for the reconnection models 1s the sense in which the
magnetic field crosses through the neutral sheet, and not wo much {ts orien-
tation within the lobes, which can b~ affected by the flapping mocioan. The
spacecraft was at its apogee tailward of the deduced curved X-line only for
about 2 veeks (January 28 to February 12, 1983), and unusual solar wind
conditions may have saffected the result. 1In addirion, a lumpy structure as
shown in FPigure l(c), perhaps catscd by a filamentation of the cross-cail
current, might show negative Bz with long term averaging, together with

fandequate sampling. Finally, the level of geomagnetic sctivity may have an



effect, as negative values do occur when plasmoids (magnetic islands) are
preseut (Baker et al., 1984). Such difficulties and complications can be
avoided by concentrating attention on the magnetic field exactly at the field
reversal (or the so-called neutral sheet) region.

Here a compllcation could arise since By may also have a characteristic
change at the same time. If, however, the field changes all occur in a constant
(inclined) plane, then it may be poesible to find a new coordinate system in
which one component (essentially the cross-tail By compouent) is negligible, and
to follow changes in the other two when the primary field reverses; thus {f
B'y = 0, and B'y = 0 at the reversal, then the field has only the one component,
an adjusted B',, where the primes denote values in this slightly inclined
coordinate system. This caa be accomplished by doing a mirimum variance
analysis, and ia what Villante (1976) did with the Picneer 7 data.

It is the purpoue of the present paper to analyze the ISEE-3 data with
similar methods, using high resolution data, in order to resolve thie
controveray. The total amount of data produced by ISEE-3 in the distant
magnetotail is e¢normous, and in this firat analysis we will focus our attention
on the central part of the tail when the spacecraft was tallward of the aurved

X-line as deduced by Slavin et al. (1985). The actual event locations that rere

analyzed are shown in Fig. 1{a).

ISPE-3 MIASUREMENTS
We have used data trocu the Jet Propuision Laboratory vector helium magneto-
meter > ISCE-3 (Frandsen et al., 1978), as weil as the Los Alamos National
Laboratory plasma analyzer ‘Bame et al., 1978). The magnetometer makes 6
measurements per second, with negligible drift; these can be averaged for the

kind of temporal resolucion required, cormonly is, 3s, 1 minute, 5 minute, or 1



hour. The plasma instrument performs a 3 second electron measurement with 16
energy sweeps repeated every 84 seconds. A detailed discussion of the nmethods
ugsed to derive plasma bulk parameters from the electron meagurements and their
limitations is found in Zwickl et al. (1984). These parameters are the bulk
dcasity, temperature, flow speed and direction.

As has been pointed out before (Zwickl et al., 1984; Slavin et al., 1985),
we do need to look at both kinds of data in orde: to identify crrrectly the
various regions; this we have done for all the events analyzed in this paper.
A sample of representative data is shown in Fijure 2, 3, and 4 for a one hour
period on 5 Feiruary, 1983. Geomagnetic activity wae rather high with Rp =
6 (L kp = 57 for this day). The magnetic record in Figure 2 shows a slightly
variable field from 1500 to 1510 UT, followed by a more tall-like field up to
151¢ UT of slightly increased magnitude. At the beginning of the interval the
plasmz was observed to have uniform constant properties, such as density N =
3 cm‘3, electron temperature T = 2.5x109 K (22 eV), and a tailward (look angle
¢ = 0°) velocity V = 700 km/e (rather high but verified by IMP-8). The electron
fluxes in Figure 4 show an enhancement in counting rates in line with the sun
pulse at the lowest energies upon which the magnitude and direction of the
velocity in Pigure 3 was based; we also note counterstreaming flow in Figure 4,
perhaps a result of mirroring of the electrons at the higher magnetic field
strength ncarer (he earth on open or {nterplanetary field lines (see Bame et
al., 1983; Baker et al., 1986). These plasma properties are characteristic of
the magnetosheath, and {t {s virtually certain that the spacecraft was in the
magnetosheath until 15:10 UT. The magnetic field had the garden hose
oriertation in a toward-sector, with a sizable southward component; however, it
may be influenced by draping around the magnetopause.

At 15:'0 UT some changes are noted in By snd By. At the same time there are



slight changes in the plasma properties, Figure 3 shoving a slightly decreased
deusity and velocity. The individual sweeps in Figure &4 show a slight reduction
in flux, especially at the lowest energies, tallward streamiag at the lowest
energies, and again some counterstreaming at the higher energies. The decrease
in density and velocity suggest tha" the gpacecraft was in the magnetospheric
boundary layer at this time. It may be in the dusk side boundary layer, since
By is negative with By positive. Unfortunately, the computed tail region
signature at the bottom of Figure ) does not include any indicator for the
boundary layer.

Suddenly, at 15:17:14 UT, the plasma 13 considerably energi: 1; by comparison
with data shown by Hones et al. (1984, their Figure 4), we recognize the
signature of a plarmoid. The magnetic record confirms this, vith B, goling
strongly positiva followed by nagative values for 6 or 7 minutes. We state
again that we want te avold transient effects such as plasmoide in our effort to
analyze steady satate features.

After a photoelectron measurement at iZ?0 UT, the next sweep four minutes
later indicates s high plasma density with magnetosheath-like characteristics, a
feature continued for the next 18 ainutes. The magnitude of the magnetic field
suggests the mugnetosheath again; however, the peculiar PHI trace (e.g. the
repeated 180° swings at 1532 and 1534 UC suggest some ordering, perhaps by the
magnetopause current. Perhaps the spacecraft was {n a region of magnetosheath
plasma entry ae proposed by Gosling et al. (1984) and Baker et al. (1986).

Thus, we propose :hat the spacecraft was wandering in the wmagnetopause/lobe/
boundary layer regions during this period of 18 minutes. A single set of sweeps
beginning at 15:42:25 UT shows a still higher density, lower temperature, and
higher velocity, and the spacecraft r'w appears to be clearly 1in the

nagnetosheath; the magnitude of the field {a lower, in conformity with this



identification.

After another magnetopause crossing 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 counting rates), but still counterstreaming appears
to be present. Within this region there is a crossing from the southern lobe
into the northern lobe at 15:55:50 UT that appears to be at a uniform speed,
judging by the smooth By record. This 1is the kind of crossing we wish to
analyze.

We note that at the precise woment of the fleld reversal when By = 0, and
the magnitude |B| was very small, the component B, has a sharp positive peak.
It i{s slightly negative on either yide, when By 1is over 10 noT, corresponding to
a slight tilt as in Figure 1l(c). We also note that a longer term average (e.g.
S minutes) might show a negative result for the interval 1555-1600 UT, whereas
at the crossing B, was strongly poeitive. Many models have ansumed that B; 1is
constant across the neutral sheet, but this crossing shows this assumption may
not be accurate.

There is also a characteristic change in B7 at the same time. A minimum
variance analysls of the magnetometer data (Figure 5) has been done for this
field reversal region (see also Table 1 and Figure 3 of Heikkila et al., 1985);
ve uged the method of Siscoe et al. (1968) in which one component 1is assumed to
be negligible, so the change occurs through rotation in a constant plane. (We
have also used Sonnerup and Cahill's (1967) method. which does ailow a finite
ncrmal component, with essentially the same results.) In this case Bl is the
minimum variance direction, and we 1identify B3 with B'y ¢ince the rotation was
only about 30° (Heikkila et al., 1985); the average value of B3 near the
crosaing was 0.4 nT, and showed only small variability. The maximum variance

direction is Bl ({.e., the earthward component). The normal component B2 (a



wmodified B',) is indeed positive, as shown by the hodogram track remaining above
zero in the hodogram as Bl tcoverses, being 3.7 nT at the reversal of Bl.
Therefore, this neutral sheet crossing is clearly earthward of ths X-line, not
tailward as implied by Slavin et al. (19.5).

Pigure 6 presents a hodogram for another croesing, that at 01:46:27 UT on
January 28. The main difference between the two is that Figure 6 shows more
vave activity thaon Figure 5. The plot of B3 vs B2 indicater 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 B, component at the croesing
of -0.1 nT should be increased to B'; = +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
croesing on 5 February should be reduced to B'z = 2.0 aT. These qualitative
corrections are listed under B';y in Table 1.

The next crossing at 02:09:40 shows that the amplitude of the waves can be
small (Figure 7). However, most 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
gufficient to recover the sign of B; in the neutral sheet. For example, on
February 10 at 21:20 UT (Fig. 8) the spacecrafr 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 23:50 UT. Each time the B, component increased when the
magnitude |B| decreased to low values. This fact underscores the weakness in
trying to estimate B, from its value away from the field reversal region. The
plasma data for this interval are shown in Figure 8(b). When the density vas
low (N ~ 0.1 cm™3) the flow speed V vas saall; at higher densities (N = 0.5

cmn~3), V vas higher, 200-400 km s~l. The direction vas tailward throughout, but



modified B',) is indeed positive, as shown by t * hodogram track remaining above
zero in the hodogram as Bl reverses, being 3.7 vl at the reversal of Bl.
Therefore, this neutral sheet crossing is clearly <arthward of the X-line, not
tailward as implied by Slavin et al. (1985).

Figure 6 presents a hodogram for another crossi - “.s: ar Ni'+€:27 UT on
January 28. The main difference between the two is thact ¥igure » shows more
wave activity than Figure 5. The plot of B3 vs B2 1irdicates a wave of circular
polarization (with a period of about one minute, as 2:duced from the recorded
data). It is likely that the observed value of the B, componenr at the crossing
of -0.1 aT should be increased to B'z = +0.5 T for a 1wasure of the true normal
component, as an allowance for the wave activity. By t.e nawe token, Bz for the
crossing on 5 February should be reduced to B'z = 2.0 27 Thesc ualitative
‘corrections are listed under B'z in Table 1.

The next crossing at 02:09:40 shows that the amplitud. »f rhe waves can be
small (Pigure 7). However, most of the crossings that we have urualyzed showed
appreciable wave activity, and also the characteristic W p: ror - .xemplified
by Pigure 5.

Actually, we have found that the record of the magnetic firld |3 often
sufficient to recover the sign of B, in the neutial sheet. 7 .+ :xaimple, om
February 10 at 21:20 UT (Fig. 8) the spacecraft dipped into t e ucutral sheet
for about 5 mlnutes, and again at 22:35, 23:30 and 23:45 UT, ~{ h actual
croesings at 23:42 and 23:50 UT. Each time che B, component {..:renged when the
magnitude |B| decreased to low values. This fact underscores the weakness in
trying to eatimdte B, from its value away from the field reversal cegion. The
plasna data for this interval are showm in FPigure 8(b). When the dcnsity was
low (N ~ 0.1 cm'3) the flow speed V was small; at higher deasitins; (N = 0.5

cm‘3). VY s higher, 200-400 km s"1. The direction was tailward vhroeghout, but



it appears to be near a stagnation region at lov densities. Tne obvious
conclusion is that the electric fieid orientation was from dusk-to-dawn , of
magnitude 0.1-0.4 aV/a.

We have gtudied the magnetic record, using 1 minute averages as well as 3
gecond averages for the two weeks in the central magnerotall tailward of the
hypothesized curved X-line. Time and again, we have foun! the behavior
exenplified by Figure 8 (see also Fig. 9).

Nevertheless, there are a few cases when B, was negative at the neutral
sheet crossing when apparently plasmoids vere not preasent. Of the 18 cases we
studied in this time interval, wve have found only two 3uch cases. One was the
crossing on January 30 at 9:52:14 UT (Pig. 9) (but note that there are several
cases whrn Bz > 0 vhen |B| < 2 oT in this record). The hodogram (Fig. 10) shows
a clearly negative B, (= B;), with some small wave activity present. Fig. 11
shows heating 20 s after the neutral sheet crossing when the magnitude ac the
croesing vas 3 Nt, mostly because of the sizeable By component. In view of the
high activity durinz this period (Kp = 3+), we suapect that a small plasmoid may
be present.

The other event when B, was negative was on February 2 at 22:22:56 UT.
Pigure 12 displays the hodogram; wve feel that the instantaneous measurement of
B, = -0.6aT should be incressed to +0.5 nT as an allovance for the wave
activity. Figure 13 displays the individual sweeps of the plasma instrument;
again, there is strong heating for one set of sveeps, exactly vhen the magnitude
ves spprosching its minimum value (see Fig. 14). In this case, it could be
argued that wvave activity has influenced the result. Alternatively, a plasmoid
ssy have Lwmun present.

We prasent the results of the minimum variance snalysis of 18 neutral sheat

croesings in Table 1. Twelve of the crossings show B, clearly positive (B; >
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sllowance is made for the wave activity. One case was very close to zero, and
another was poasibly a magnetopause crossing, and should be excluded. Only one
(or possibly two) showed that B, vas clearly negative, consistent with an X-line
earthward of the spacecraft.

T addition, a perusal of the magnetic reccrdiags, with 3 s and 1 m
averaging, showed a consistent increase of B, to positive valuees as the
magnitude of the field decreased belov 2 nT.

Consequently, we estimate that the average value of B, at x = -220 R, wvas B,
1.1 aT.

Conclusions

Our findings suggest the following conclusfon:

(1) The component Bz normal to the neutral sheet (or field reversal region)
points decisively northward in 12 out of 17 cases (70X).

(2) This component was largest at the actual crossing, and became smaller
on either side. !

(3) Bz was negative in one, or perhaps 2, of the croessings.

(4) Bz wvas very closc to zcro in 3 cases.

(5) Average uncorrected Bz = 1.1 oT.

(6) Average 3'; ~ 0.8 nT, corrected for wave activity (by eye).

(7) There wvas usually wvave activity present, suggesting waves travelling
along the aagnetic field with circular polarization.

Diszussion

It is generally a good idea (in some cases a necessity) to hypothesize o
model based on fundamentnl phyaical principles in approaching a new problem,
especially {f the total amount of data uvailable {s very limited in qua.iity or

quality. Such is the case for the magnetosphere, vhere measurements are usually
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made on only a relatively few moving spacecraft. It goes without saying that
an7 model must be falsifiable on the basis of observatioaal evidence.

One rfuch model is provided by the idea, or process, of magnetic reconnec*ion
ploneered by Dungey (1961); Cowley (2980) has given a remarkauly clear
quallitative explanation of it. This {dea seems to be especially clear for a
southward interplanetary magnetic field (IMF). A key festure i{s a
magnetospheric electric field which always points from dawn-to-dusk (see Figure
1 and 8 >f Cowley, 1980). The magnetic field forms steady etate X-lines, or
reconnection lines, one in the sub-golar magnetopause, the other in the
magnetota'l. The merging rate at zach X-line is dependent on the magnitude of
this electric field along it. The ccnvection velocity, Vg =Ex Esz, depends
on this topology of the magnetic and electric fields; it is earthward on the
e.rthvard side of the X-1ine in the tail, but tailward on the cpposite side.
Thue, wvhen the ISEE-3 data at the distant apogee showed tailward coavection in
all p asma regimes (lobe, boundary layer, and plasma sheet) it was natural to
conclude that the steady state X-line was earthward of the apogee (Zwickl et
al., 1984).

Aovever, the low latitude boundary layer (LLBL) just (nside the magnetopause
se: 1 to have been overlooked in the analysis carried out thus far. This LLBL
provides a form of -'iscour interaction, in a totally different molel of the
magnetosphere first proposed by Axford and Hines (1961). Figure 15 is tased on
their ideas, but with the addition of a magnetospheric boundary layer.

Two {mportant rocent findings nov enter the picture. Ome 18 th. conclusion
that the low latitude boundary layer (LLBL) closer to the earth is polarized to
tens of kilovolts (Foster, 1984; Eastman et al. 1985; Lundin and Dubinin, 1985;
Lundin and Bvans, 1985; Heikkila, 1986). Tha sama is true of the distant tail

(Heikkila, this meeting on Dialog on the phanomenological model of substorms in
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the magnetotail). Slavin et al. (1985) did note that the plasman flowv was
tailvard everywhere at the distant apogee of 220 Ry, Ju marked contrast to the
reconnection model, according to which it should have been esrthward on the
earthward side of the X-line. In particular, the flow was tailward in the broad
regions on the flanks where B, was directed northward. This requires that the
electric field wvas directed from dusk-to-dawn, and we identiry it as thc
boundary layer. The data in the article by Slavin et al. (1985) allow the
calculation of the potential difference due to the LLBL, and Heikkila (Dialog
this meeting) deduced 40 kV for the dawn and dusk boundary layers 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 et al. (this meeting) have nov found that at low levais of
geomagnetic activity (AL < 100 nT), the direction of B, was northward across the
entire magnetotail at 200 Ry,. Since the flov was still tailward, they have
concluded that "the low latitude “ouudary layer extended across the full width
of the quiet-time plama sheet.”™ This feature of the magnetotail was predictad
by Heikkila (1983, 1984a, 1984b). According to this model, the plasma sheet
closer to the earth is a small cavity filled with low density plasma with
earthvard convection and energization, engulfed by boundary layer plasma flowing
tailwvard. The number flux of lone in the LLBL is quite high (= 1027 l‘l),
according to a comment by Heikkila (this meeting). It has adequate power to
maintain earthward convection in the plasma sheet, to generate Birkeland
currents, and to produce auroras.

Our present study has concentruted on By during the twvo wauks when ISEE-]
vas tailward of the curved X-line deduced by Slavin et al. (1913), a period when
considerable geomagnetic activity occurred, bur also vith some quiet periods.

We have found that B, war cleacly notthward most of the time. This finding
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negates (falsifies) the presumed existence of the curved X-line at all times,
and along with it the hypothesized importance of steady state recounection.
Instead, it bolsters the notion that tailward boundary layer {low is the primary
agent for plasma sheet processes, including auroral phenomena. Transient
processes, including magnetic merging or reconnection (but wi:h curl E ¥ 0) can
produce plasmoids, a totally different phenomenon (Heikkila, '.984b; Heikkila and
Pellinen, 1984; Heikkila and Treilhou, 1984; Heikkila, Dialog this meeting).

A crucial question now centers on the process of eatry of tolar wind plasma
through the magnetopause, and its exit at large distances downtail. Most of
this plasma cannot return (there is too much to be returned via the plasma
sheet, and its momentum is too great), implying that frozen field convection of
magnetic flux in the magnetotail must somehow be violated. The circulation that
produces viscous interaction is oot cyclic (as proposed by Cowley, 1982), but
rather open-ended. This point has been addressed by Heikkila (1986b), who
concludes that it is meaningless to apply the frozen field condition within the
thin magna:opause. What really matters is what the plasma particles do, and
apparently they are able to cross the magnetopause {nto the LLBL (on closed
field lines) quite easily, to produce a new MID i.usice. The magnetopause should
bu rezarded as a sink of magnetic flux on one gide and a source on the other;
frozen flux tubes have no meaning Iin the thin magnetopause. In this scheme,
there i{s no requirement for a return convection of magnetic flux in the
magnetotail, any more than a return {low of all the plasma in the LLBL.

In summary, we have found that in the vast majority of the neutral sheet
croesings (under quiet conditions vhen there were apparently no plasmoids) the
component of the magnetic field normai to tha neutral sheet was pomitive,
pointing towards the northern lobe of the magnetotail. Thise result poses

considerable difficulty for models of the magnetotall {n which it is assumed
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that a steady state reconnection line, or X-line, atretches across from dawn to
dusk at moderate distances down the tail. These data from ISEE-3, as well as
the earlier data from Pioueer 7 and 8 are consistent with a model of the
magnetotail which is dominated by boundary layer plasma.

Thus, it appears to be a reversal of the electric field, and not tte
magnetic field, that explains the tailward flow at these locations fsr downtail.
The driving ferce for magnetospheric convection, Including the plasma sheet, and
the creation of auroras 1s, in this model, the toundary layer flow. This is a
form of viscous interaction, as first proposed by Axford and Hines (1961). In
this model, the night-side X-line i{s at the distant magnetopause (somewhere to
the far right in Figure 15), the latter being assumed to b2 a closed surface,
not an open surface as assumed by Cowley (1980).

Perhaps it 1is poesible that both processes (reconnection as vwell as viscous
interaction) can operate at cervrtain times, or certain locations (as has bean
suggested before, e.g. Cowley, 1981); however, such a combination has yet to be
elucidated (vhat happens to the X-line in the bhour .ary layer?). Whatever the
true ansver is, it must be in agreement with our pressnt result, narely that we
have found a petsistent northward B, where ail previous interpratations have
suggested that only southward B; should be present.
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