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INDUCTIVE ELECTRIC FIELDS IN THE MAGNETOTAIL AND THEIR RELATION TO
AURORAL AND SUBSTORM PHENOMENA

R. J. Pellinen and W. J. Heikkila

ABSTRACT
The paper reviews the importance of inductive electric fields in explaining
different mégnetosphetic - and auroral phenomena during moderately and
highly disturbed conditions. Quiet-time particle energization and temporal
dévelapment of the tail structure during the substorm growth bhase are
explained by the presence of a large-scale electrostatic field directed
from dawn to dusk over the magnetotail. Couservation of the first adiabatic
invariant in the neutral sheet with a small value of the gradient in the
magnetic field implies that the lengitudinal energy increases at each
crossing of the neutral sheet. At a certain moment, this may result in a
rapid local growth of the current and in an instabilicy that triggers the

onset. During the growth phase energy is stored mainly in the magnetic

field, since the energy density in the electric field is negligible

comparad to that of the magretic Field (ratio 1:10°). An analvtical model
is described in which the characteriztic obsasvations of & .substorm onset

are taken into account. One wmajor faature is that che trigegering is

confined to a small leeil time seccor. During moderate disturbances, the

n

induction fields in the megnetotail are stronper by at least one ovder of
magnitude than the average cross~tail field. Temporal development of the
disturbed area results in X~ and O-type neutral lines. Particles near to
these neutral lines &re enerpgized to over 1 MeV energies within a few
seconds, due to an effective combination of linear and betatron acceleration.
The rocational property of the induction field promotes energization in a
restricced area with dimensigns equivalent to a few Earth's radii. The model

also predicts the existence of highly localized cable-~type field-aligned

currents appearing on the eastern and western edges of the expanding auroral
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bulge. It is shown that the predictions agree with satellite observations
and with the data obtained from the two-dimensional instrument networks
operated in Northern Europe during the International Magnetospheric Study

(IMS, 1976-79).

1. INTRODUCTION.

Thirty years after the picneering work of Chapman and Ferraro
f1931) on the formation of the magnetosphere, Axford and Bines (1961)
and Dungey (1961) propeeed two dlfferent Ideas for tramgferring solar
wind particles, momentum, and energy into the magnetosphere te produce
auroral phenomena. On the basis of ground based observatloms Axford
and Hines concluded that magnetospheric plasma muist circulate,
implying that a magnetospheric electric £fiezld exists in the earth's
frame of reference; they hypothesized that the solar wind drives
magnetospheric convectlion by some type of viscous~like interaction.
They had iittle idea as to the relevant process, but simply drew the
nane by analogy with hydrodynamics. In the same year Dungey (1961)
suggested a dlifferant mechanlam; he argued that the existence of a
magnetlc field B in the solar wind and in the magnetosphere would exert
control over plasms transport procasges. In particular, a southward
interplanstary magnetic field (TMF) would _regta a magnetic neutral
line with an ¥X-type conflguration of fleld lines completely sround the
magnetopause; an electric field along the dayside and nightside X-
lines in the davm—to-—dusk sense would couple the solar wind flow with
magnetospheric convection. Dungey called thls process “reconnscilon
of magnetic fleld lines”., With either of the azbove processes
(reconnection or viscous interactiun) the resulting convection into
the inner mmgnetosphere would energize the plasma particles to produce

auroral effects (Axford, 1966). Ia 1961, when these two fundamental
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works were published, most of the magnetosphere was still unexplored,
measurements of its plasma properties and magnetic fields were almost
non—~existent, and there were no measurements at all of magnetospheric
plasma flow or electric filelds. We all owe a debt of gratitude to
these authors (Axford, Dungey, and Hines) who displayed great
understanding and imagination in their piouneering wark.

These authors, and many persons since that time, hased their work
on magnetohydrodynamic (MHD) theory, first introduced by Alfvén (see
Alfvén and FElthammar, 1963). This i3 a one fluld theory (combining
electrong and ions together) which treats the plasma as a perfect con~
ductor. It is based on the couservailoan lawve of particles, momentum,
and energy; as such, it would seem to be necessarily correct. An
glternative two-fluld formulation treats electronsg and iona ag
separate but interzeting flulds.

In MED theory it is usual to eliminate the electric fleld E by
replacing it with -V x B (or a more complicated Chm's law, where V is
the fluid veloecity) and the current J by V x B/p,. As Parker (1367)
has noted, for some purposas such aé caleulation of plasma flow the

electric fleld and curremt are “non—essgentilal field quantitles™, and

in

their elimination aimplifies tha problem: “oaly the fleld of prin-
cipal interest, the wagnetic fisld, remains. The dynamics of the
geomagnetic fleld is reduced to a discussior of the balance of
forces.”

Howesver, there igs a catch: one must adopt an equatlon of state.

The choice determines a wodel for the plasma. The physical coatent of

the tequired approximatica is that there should be sufficient locali-
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zation of the particles in phyeical space. This is not possible if
paxticles are sble to move gubstantizl distances in a short time. TIn
a collisionless plagsma, 23 in the case of the mzjor part of the magne-
tosphere, this requirement may prove to be a crippling one. Thus
fluid theory, though potentlally of great practiczl use, relies heavily
on the cunning of itz uwger {see Krall and Trivelplece, 1973, p. 86)-
There is a secound crivicism of MED theory. In all magnetocspheric
theordes the existence of & large-scale eleciric fileld plays anm
eggential vole, assoclated with comnvection. It iIs commonly held that
MHD theory properly includes the electric fleld, whatever its origin.
Thig 1s wnot necessarily true. An slectric fleld, wnlike a wmagnetlc
fleld, has two scurces. MHD lumps these inte oue, and thus the
gquestion of any possible relaiion bhetwesn the two cannot even be
addregsed. For example, it is possible for the inductdion electrie
field (the cause) to produce charge separation (the effect). !
theory can be used successfully to describe staitlonary processes wvhere
large~scale collective wotions are gulded by an existing conservative

E-field, provided the length and time szcales satis

ti]

y cerialn criteria
{(Krall and Trivelplece, 1973, p. 97)}. Problems arise when translient
effects have to be treated, requiring the tracing of charged particles
in a region of non—consevvatlve flelds (see Heikkilla, 1982, for one
example}. Substorm phenomena are typleally transient, and hence the
use of MHD theory to explailn substorm features have met with some
problems (see e.g. Heikkila, 1973 and 1974; Alfven, 1676, 1977;
Heikkila, 1978, 1982). As pointed out by Heikkila (1578, p. 123) “it

ig difficult to ssze how theovles in which [the induction electric
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field} i1s net included could be relevant te substorms.”

In order to overcome such shortcomings, kinetic theory should be
chosen as the basis for conslderztion of time~dependent magnetotail
phenomena. In the plaswé gheet it can be assumed that the particles
to a high degree of approzimation are collisionless, and interact
only through the electromagnetic fields they produce. We can trace
the motions of charged particlas obeying the (relatcivistic) equation
cf meticn presented by the Loventz force in electremagnetic flelds.
However, we do run into a very serious problem in selving the complete
Boltzmann equation, as is well known. |

Therefore, even before applying kinetic theoxy it might be beat to
use hasic laws (such as Newton's and Maxwell's relatious) in an ad hoc
fashion, guided zs much as possible by observation, tc get a clear
idea of what is important for th; theory. This is the view that has
been adopted by us in a series of paperz over the last five years.

The present paper is largely a review of fourteenm papers on magne-
tospheric and auroral phenomena published by the authors and collabora-
tors during 1977-82. 1In these papers & slmple model for the onset of
substorms 1s foruulated, and the predictions are tested mainly by

means of ground observations made in Northern Europe during the
International Magnetospheriec Study (IMS, 1976-79). This model for
localized substorm development in the magnetotail, based almost
entirely on observatioms that weve available in 1977, is formulated in
a serles of seven papers (Heikkilaz and Pellinen, 1977; Pellinen, 1978;
Pellinen and Heikkila,; 1%78a; Pellinen, 197%a; Pellinen, 1979b;

Heikkila et al, 1979; Heikkila, 1981). The theoretical justification
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of the choice of a gauge ceondition for calculating induction electric

iy

Jeld
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is prasented by Cragin and Beiklkila (1%81). Presubstorm deve-
lopment and triggering are descrlbed ia four observational papers
(Untiedt et al, 19738:; Pellinen and Helkkila, 1978B; and Pellinen =t
al, 1982: Uspensky et al, 1982). Localized field-aligned currents
zppearing at 3ub§torm onset are treated im two papers (Opgencorth et
al., 1980; Baumjohann et al., 1981).

The presentation ia organized in tha followlng way. Section 2
covers the essential observations that st be explained. In Section
3 we swummarize elementary thecry, partilcularly on the electric field,
trying to aveid the pitfalls of MED. After that, in Section 4, we
give aur ideas of the theory of the guiescent avroral aves, which go
beyond the conventional views, for example as velced in the Auroral
Arcs conference In Alsska in 1980 (Akasofu and Raun, 1981). A par-
ticular concern is how azuroral fading aad blackening of the polewanrd
gky before breakup czn ke explained; these are phenomens of what we
call the trigger phase of magnetcspheric substorms, discussed in
Section 5. The actual onset is discussed in Section 6, where the
induction field truly comes into its own as 2 medium Lo draw energy
from the magnetic field. High emnergy particles can be praduced by a
two step process, essentlally a discharge along a neugral line
followed by betatron acceleration (Sectiocn 7). Section 8 outlines a
gcheme for accoaplishing the current diversion to the icﬁasphare that
hag se often besen postulated but nevér explained. Sectiom % addresseas
the question of mumerical medelllng. The paper concludes with a

discusslon on scme relevant, but still open, questions about our
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understanding of the magnetospheric phencmena.

2. OBSERVATIONS

In order to understand the entire subatorm mechznilsm, obser—~
vationg have to be made both in space and on the ground. During
the Iﬁs the posaibliities to obtain extepsive three~dimensional data
gats were improved thanks to the two-dimensicnal instrument networks
and - the pew satellites that were operated. Analysis is stlll in
progress, but some new results can already be pointed out. Below we
shall discuss these (and earlier) results z3 facts that must be

explalned by any compreheunsive theory.

2.1 Ground—based Observations of Substorm Growth Phase

Observations made on the ground duriag the International Geophysical
Year (IGY, 1957-58) revealed that auroral break-up, which signifies the
onset of the expansion phase of a magoetospheric substorm, is a localized
phenomenon occurring close to magnetic midnight. At earlier tiﬁes auroral
arcs move equatorwards with no significant disturbance in their structure
and luminosity, but perhaps brightening somewhat. The auroral
breakup begins with a'lacal brightening of an ave, qulte often an
equatorward arc. This is followed by poleward expaunsion, and a west-
ward travelling surge produced by energetlc electromns, as shown in
Figure 1 published long ago by Montbriand (1971). A liﬁtle later there
is algo an eastward expansion, with evidence of proton pfecipitatimn
(Mountbriand, 1971; Fukunishi, 1975; Vallance Jones et al., 1982).

We think that it ig significant that auroral breakup begins near

a

midnight as a local phenomenon, and travels poleward. If it were
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directly driven by the solar wind it should begin at the poleward edge
(at the boundary between open and closed field lines) and travel
inward, deeper ipto the magnetosphere.

There has been consi&erable discussion as tec the exlstence of a
growth phase, first proposad by McPherron (1970). If the substorm
were an internal phenomenon, such a growth phasé would seem to be man-
datory. On the other hand, 1f the substorm were directly driven by
the solar wind, as argued by Akasofu (1981), then a growth phase may
not be necessary. Perhaps the best evidence for the existence of a
growth phase comes from energetic electron (energy W> 30 keV) preci-
pitation. The development of high-energy precipitation can be cbserved
by using networks of riometers, and x-ray detectors carried bﬁ
balloons at different points in the observational arez. An excellent
gtudy was conducted by Pytﬁe'et al. (1976a) who advanced strong argu—
ments for the exlstence of 2 substorm growth phase through the iden—
tification of phenomena which occur bhefore and up to the onset of the
expansion phase of the substorm. Thelr observations can be summarized
ag follows:

(1) Prebay precipitaticn appears first in the northexrn part of the
auroral zome, and progresses gradually towards lower L-values; this
progression is shown In Figure Z for a substorm ocnset occurxing over
Ivalo, Finland, on 1l November, 1976 (Pellinen et al, 1982). The
southward movement procseds with a speed of roughly 100 te 300 m/s
around local magnetlc midnight.

(2) The region of high-emergy precipitation 1s nermally narrow in

latitude, perhaps only of the order of 30 lm, whereas lt may  extend
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for at least 2000 !m in the east-west dirsction aleng the auroral
aval.
(3) At high L-values the precipitation ends well before bay
ongat. The precipitation lasts until bay onset at a lower L-value is

reached, normally correspondilng te the southsrn part of the auroral

el

zone, and here merges with the subseguent bay-asscciated precipita-—
tion. Normally there is a drop In precipitation just bsfore or at

least at the ouset of the assoclated negative magoetle bay: this is

=

apperent In Fig. 2, egspecially at Keve s few minures before substomm
onget at 2162 UT.

In this event, a quiet homogenecus arc and higher energy precipi-
taticn region equatorwards of the arc moved southwards during the
growth phase, slowed down and stopped befove the onset of the expan-—
sion phase at 2102 U7 (¥Fig. 3}, in complate agreement with Pytte st
al. {lG76a}.

The interplanetayry magnetic Tield {(IMF)} wzs monitored by THP-§ for

this substorm; the IMF turned socuthward at 2027 UT, vemained aouth-

2r which theve was a brielf northwar

o
I
Ly d

ward until about 2059 U7,
excursion far 2 miuutés, ag shown aE_the top of Flgure 3.
Maguetometers around the northern hemiephere showed that a two-cell
convection pattern was initilated shortly after 2027 UT, and well
established by 2045 UT. The equivalent cuzreat pattern over
Scandinavia and the auroral arc are shown din Figure 4. The current
‘density of the westward electrojet {(deduced from a two—dimensional
network of magnetometers) moves equatorwards during the growth phase

together with the gquiet auraval arc, but displaced slightly equatoxr-
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wards frow 1lt. The half-width showad goms teudeuvcy Lo decrease and

the maxmimum current density to increase, while zhe toral curvent
remained relatlvely constant {(see Filg. 7 of Pelliinen et al, 198Z).

Radar observations add much to substorm studies, sspecially with
STARE (Scandinavian Twin Auroral Radar Experiment, Greenwsld s al,

1 LY

1978). Uspensky et al. (1982} conducted a studf during a substorm
growth phase on March 16, 1978, and found that during the time prior
Lo a gubstorn onsat the haight-integrated Hall conductivity has a
distinct jump acvoss the auroral ave. In the event siudied the coa~
ductivity decreased by a factcor of 3-5 in peoing from the equatorward
gide of the are to Lits poleward slde. They Found that the radar
amplitudz changed propertionally to chauges in mean eleciron density
and Hall conductivity. This occurs in regions where the eleciric
field shoved only minor changes. This observation is conaistent with
the features in the Now. 11 events shewn in Figures Z to 4, where ths
high energy electron precipitation would produce higher conductivity
gsouth of the arc.

Thus, on the basis of ohservations, we believe that there 18 a
growth phase lasting for some teuns of minutes before the substerm
onset: conditlone are slowly evolving, and all physical features
drift equatorwards slowly at a few kilometers per minute,

Because of the low latitude of these phenomena on these and other
events we conclude that these features occur on closed magnetic fileld

lines.

2.2 Trigger Phage of a Substorm

Something must happen locally either deep Inside the plasma sheet
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or on the flux tube reaching down to the ionosphere, te initiate the
substorm expansion. The first Indication of something unusual that we
noticed is a slight fading of auroral lumninesity occurlng for about
one or two minutes before the expénsionn This was first observed in
the all—-sky photograph shown in Figure 5 while ooe of the authors
(WJH) was visiting the Air Force Geophysics Laboratory in Bedford,
Mass (Pellinen and Heikkila, 1978b). The genersl picture that we have
developed is that the poleward sky clears (as already reported by
Snyder and Akasofu, 1572), and the arc fades or becomes weaker in
Intensity close to the trigger area (Pellinen and Helikkila, 1278b):
the arc then develeps local ray structures. Optlcal fadings were
reported in the papers of Untied:t et al. (1978), Opgencorth et al.
(1980) and Baumjohann et al. (1981). It is appropriate to call this
interval just before onset the trigger phase of the substorm.
A summary of aurcral fading based on extensive study of optical
data was given by Pellipen and Heikkilz (1578b):
(2) Quiet auroral forms fade briefly in intensity for about 1 or 2

minutes, just before brzak—up initlated che expansiocn phese of

a substorm. éx the sama time the poleward sky darkens, which

is uwsually quite obvious on the original fiim. The fading is

usually preceded by 2 brilef Iintensification of auroral

brightoess. In some cases multiple ¢ an be detected,

o
£
o)
12
43
[#3]
(¢

with a sequence of ghort-duration fadings and inten-
sifications prior to the final breal-up.

(b} The fading can be detected best in the electrou aurora. Thare

-t
n

somz Indicaticn thac the proton aunrora fades in a similar
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WaY.

{(¢) The fadimg can occur under a variety of comnditions: hefore
and after midnight, during quiet and actlve perieds, and on
poleward or equatorward aurcral arcs.

(d) The subsequent incresse in activicy that initiates the expan—
sion phase may take place on the arc that shows the deepest
fade; or it may occur on a@nother arc, cften a new arc
appearing either polewards or equatorwards of the fading arc
(as in Fig. 3) where 2 new arc was formed south of the fading
arc (which also brightened).

(e) Frequently it 1Is clear that an auwrora fades om the sgpet; at
other times there are indicatlens that the fade travels ahead
of the surga, either esastwards or westwards.

(£) The peographical area in which fading 1s noted simultaneously,

or nearly so, can he as small as a few hundred kilometers.

In the data presented by Pellinen et al. (1982} fading was cobservad in
cnly the balloom ¥-rays (ses Figure 6). In fact weakening of precipitation
in higher energy ranges seems to be 2 comwonly cbserved phepomera (e.g.
Pytte et al., 1976a; Ullaland et al., 1981; T. Rosenberg, University of
Maryland, private communication). EKence, in leooking for changes in par—
ticle precipitaticen during this phase one should first leook iate the harder
component fluxes, i.e., the electrons over 25 keV.

Fading of radar aurora has been obszrved to precede substorm onmet
(Pelifinen and Heikkila, 1978b; Starkov et al, 1979). This seems natural if
we accept the view presented by Uspensky et zl. (1982) that behaviour of
auroral backscatter during the substorm growth phase 1s mainly controlled

by variations Iin ionospheric (Hall) conductivity iIn the backscatter region.



The multiple—onset substorm digscussed by Bawnjohann et al. (1981) (s=e
alaso Section §) gives examples of several subsequent auroral acti-
vations separated from each other by fadings. These aurcral fadings were
assceilated with 2 distinct decrease of eéuivaient current approximately in
the same region (Fig. 7). The decrease of current stwength must have been
caused by a drop In the ionospheric conductivity, because the electrie
fieid recorded by the STARE was observed te remain approximately
congtant. These observations support the coaclusion presented above,
namély that befure an aureral break-up the fiux of energetic particles
(which cause pre-break-up arcs, and diffusa aurcra, viometev zbscrpiion,
and enhanced icnospheric conduczivity) decreases signiflcantly before
growing strongly during the ocuset.

There is still another feature that has not been reported before.
Often there are some weak auroral patches or arcs poleward of the breakup
arc; a movie film (made of all-gsky films recorded in Finland on 27 and 30
January 1979) shown at the third IMS workshop at Skoklester, Sweden,
September 3-7, 1979, demonstrated that these weak poleward patches were
convecting rapidly southward toward the breakup arc just befores the onset.
Small details such as this {and fading) have been of greét value for us in

deciding on physical mechanisms.

2.3 Ground-based Observations of Onset~Related Field-Aligned Currents

The usual method of presenting currents from magnetometer data is in
the form of total equivalent current vectors (TEC), derived by turning the
e . . ol s o o o . ’
horizontal magnetic disturbence vecrors clockwise through 907, The vertical
component 1s usually indicated by different symbols for negative and positive
variations, or by isolines.,

The need to differentiate between quiet-time current-systems and
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substorm-connected coneg, as well an the need te recognize the charazcteristic
of changes in an existing curfantwaystamg nade the use of so~called dif-
ferentlal eguivalent current veciers (DEC) necessary. The basic ides 0%
this methed is the assumption that a curvent ayatem chaerved at e bime t3
stays constant wntil a time ts, whlle an additionsal curvent system deve-
lopa durdng the same hime Interval. The finzl result is maturally very
much dependent onm & ressonable cholce of the times &y aund Uy,
and L henze, DEC-wzctera have teo bs interpreted with cars. In most
cases other data (e-g. optical observaticns) allow restviction of the
vartovs pegsible causes of a cexvtadn psttern. The idea of splitting the
total megretic disturbancs fileld wes flrst fatroduced in the analysis of
magnetic~latitude profiies by Kisabeth and Rowtnker (19733 to stuvdy the
small scale magnatic «ffects counected with avroral loops and surges. It
was later applied by Unitledr ak a:. (1978) to data from a two-dimensional

magnziometay array, and has shown ite power In separating transient icecal

disturbances.

vhevemena from the more

Opgencorth et al. (L980) reported ohservations of a moderate substorm
that occurred on 2 March 1978 with the omset at 2222:40 UT over the
western part of Nerthern Scaadinevia. DRC analysls was used to get am
idea about rhe current system thet was divectly veloted ta the break-up.
The omget current gystem was switched on &t the wmoment of aurerazl break—-up
and seemed to be fully developed at 2225:20 UT when the aurora reached ita
first maximum in northward expansiovn end increase of brightaness. The

resulting DEC-vectors inFig. 8 u showin the western pert a distinmct U-
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shapad equivslent current loop arcund the leocation of initial auroral
intensification. The sense of votatien in thig loop was countarclockwise
with growing nsgative Z-varizctions zowards its center. In the northeasters
part of the picture there was apother eguivalapt curreat I1oep with a cloclk-
wise sense of rctation. Coir uponaunuly here the sunclosad “m§ariatimu wae
positive.

Considering the excellent temporal and epatial correlatilon betwesn

1

auroras and masunetic field variaticns as describad above thers must be a
o

connecition hetween the obviously lecel decrease of the invense discrete

surora to the east (mapped in Fig. 8a) aud the wain development of the
clockwise equivalent current loop. Vice varsa, there geems to exist 2
causal relatilonship betwsen the counterclockwise eguivalent curvent leop
and the auroral breakup to the west

The two oppositely directed equivalent-loops clearly coexisted duriag
the whole 3~4 min. after the substorm onset. Thus it seems reasonable Lo
consider bath features as being ccunected with the auroral breakup and the
ground sigoatures of the three-dimensional mzgnetospheric substorm onse
current aystem.

Unfortunately the observatlion fileld of the STARE-radar does not reach
far enough to the south to cover the entire arez where the auroral hreakup
took place. However, in the recordings at 2225:20 UT (shown in Figure 9)
thare seems te he some evidence for a clockwise curvature in the irvegu-

larity dvift—dirvection at the position where we observe the northern part

.

of the counterclockwise eguivalent current loop. Also, correspounding to
the clockwise egquivalent current loop there 1s & counterclockwlge irvegu-

larity drift at the game locution. This drift patternm would be produced by
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deovnward current depeositing posltive charge to the sast, and upward currens
leaving nepgative charge to the west, exactly as Impliad by the magnetometsr
data. This wmay ezplain the decresze in zurcrvel luminosity te the eastg,
since protons are not as efficlent a means of amcitation as alectraons; 1f the

downward cugrent was carried by upward filowing ioncspheric electrons the same

conclusion holds.,

The © sulis by Opgenvorth et al (1980) show rhat the ertent of the
IMS-netvork of statious in Sceoodlpoaviz is cloge to the gcale size of
substorm omsal phenemenz. This argument has bean confirmed in other
studies. Fig. 8b {and also Sectien 8 aad ¢ below) pives ancther exs aple pre-
sented by Baumjohann et al. (1981). The same pattern of differential
equivalent currenis as prasented by Upgancorth et sl. (19280} is vepeated

v

UT the aurora reached its

0.«
L
o

-

there. At %0 gseconds after the orsel an 2113:
first expansion peak (sese the ali-sky picture from Muonis in the lower

right cornerj. The DEC vectors on the western Novweglan coast show a
distinct couatercleckwise U-shaped loop (negative Z growing towards the
center is not exhibited) around the observed center of initial avroral
intengification. The clrcular clockwize DEC loop began to form simultasw
neoualy with the U-shaped loop, bub daveloped slower. Most of its develop~
ment geems to have occurred between 90 = and~210 s zfter the vaset (ig. Sb).
Thus, the substor: onsel currents csn he modalied asu cable-type or £ilaiment
Birkeland currents (Sections 8 and 9, see also Robert ct al., 1982) where the
current centers are separvated some 300-1000 km from each other

2.4 Ground~based Observatlons of Substorm Rapansion

Substorm onset—~related phenomena can be covered by networks in the

Scandinavian sector. In ordar to sctudy the full expansion developmant more
extengive networks sre needed. Hopefully some siziellites, sspecially the

Dynamics Explover 1 launched in 1981, will gilve a mere global view of the
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expanaion sequence.
From some earllier studles we get rhe following picture of the develop-
mené of substorm expansive phase. Bresl-up begins with an explosive growth

of auroral brightness and a rapid poleward movement of the auroral forme

n
o
=
n
o
6]
=
o

(sse e.g. Akasofu, 1968). The dis spreads in a1l directions. A
surge moves falrly quickly (few km/s) westwarde as ib expands (Akasofu et
al, 1965). The eastward propagation often invelves wavy structures called
Q bands (Akasofu, 1974). Pulsaving patches on the morning side of the
oval appesar equatorwards of the 0 band. The expansion phase is followed
by a recovery phase, during which the auroras calm down and return to their
original gquiet time condition.

In gcme recent studies the Scandinavian IMS data havé bean used to
study substorm expansion in the evening sector (Yahnln et al., 1982;
Opgencorth et al., 1982). The following results are Intsresting for our
further discussion.

At substorm onset avroral luminosity propagates with high speed along
the preexisting growth-phaae arc. In Yahnin et al. (1982) this structure,
which is a precurscr of the westward travelling surge (WIS), was named the
"auroral horn.” The aliitude of the horm is not chenging counslderably from
the growth~phase arc indicating that the brightening is mainly due to an
enhancement in the particle fiux, and not so much due to & much more sffec~
tive egnerglzation of aunroral particles.

The leading edge of the WIS 1s the center of upward field-aligned current

tuhe. Aduroral altitudes in this reglon are lower than In the

m

surrounding arazy The most luminous auroral structures appear in this

region. Opgenocorth et al. (1982) have shown thet the upward-flowlng
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Birkeland current propagates wlth the WIS keeping its cable-like form
instead of forming an elongated currant sheet expanding from the central
meridian along with the surge.

2.5 Sarellite QObservatiouns of Substorm Dynamics

Both single and muliiple satellite observations have been used te form,
plece by plece, a statistical picture of what goes on In the magnetotall
before and at the onmset of the expansion phase. Even if our understanding
of the magnetotail dynmawmics is not yet complete, the following features
have been fairly well established.

The start of the reduction of tall flux content colncides, within a few
minutes, with the firﬂﬁ gigns of a low-latitede magnetic positive bay
obgerved on the ground in the widnight sector (Hishide and Wagavema, 1973;
Caan et al, 1973). Mulitdple cwsets, too, have been found to be aasocilated
with a stepwise releasge of energy frow the magnetotall (Pytte et al.,
1976b; McPherrom, 19793, O(ften the first signs {(e.g. brief auroral
activetions) of an onset are cnly precuvsors of the substorm.

Many researchers believe that the ouset ls triggeved within the pear-
zarth plasma sheet (Pyute, 1976, for review)-. They may he blased by the

fact that the observatlons made closge to the gesosynchronous orbit (6.6 Rp

W

from the earth) have been more uumerous up e now than those recorded in

I

e

the far tall (say 3

o

iy or more from the earth). Furthermore, large
gubgtorns may be trigzgerved cleoser to the eavth than smaller ones. The wmain

concluslon drawn rom the various ohservations is that there seems o be a

i

critical distance of 15 R down the tz=il sepavating the plasma sheat inteo
twe regions according te Its behaviour during substerms. Harthwards of

that houndary the plaswma sheet thing before the onsalt, and recovers



rapidly during irs expansiou phase, while farther out the plasma sheet

gtarts teo thin at the expansics pha

The thinning of the plasma gheet 2z a2 radiasl distance of 17 Rg 1ls ove
cf the best docwmented signs of the sitart of the expansion phase. Tuside
the thinned plasma sheet, plasme flouws tallwards with a velocity of geveral

hundred km/s (Bones et al., 1974). A few minutes after ths coset of the
substorm is observed on the zvound, the magnetic field compuonent By off the
low laritude tall field turns from north ro south (Nishide and Nagayama,
1973). Simultanecusly the field closer te the sarth stays northwards and
increases sharply.

Impulsive bursts of energetic particles at the ouset of the expansive
phase of a cubstorm have been reportad since 1985 (Anderso o, 19465}, Here

we will pot review the axtensive literature tha subject (for a more

0
5

detailed treatment sese ths review by Krimigis an

it
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19793, bur wili

cuss only the publicztions of interest for the preseatacion that

£,
fa
@

Faunell (1970} reported chai bursis of epevpetic protona ( >0.32 MeV)

gubstorms. His view wag that the bursts appeared nore

evening ssctor of the magnetotail thean in the morning sector. Sarris et

al. (1976z2), Honmes et 21. (1976

St
o
e

, and Carbary and ¥oilmigis (1279) okeezved
that intense proton fluxes usually have a componant of flow rowards the
dusk side of tha magretorall as well as towards or away from the earth.
Bellan et al. (1981} characterlzed the enerpized protons flowing sunward

near syschronous orbit as "drifit echoes” and chese flovips antissaward in

the magnetotail as “impulsive” bursts. Electrons of about 50 keV display a
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aimilar but opposife asymmetry to emargetic protoums (e.g. Menigomery, 1964;

Men 1971), thouph higher—enerey elsctroas (0.22 to 2.5 MeV) displav us
&s » =1 . J 3 B

asyanetrv whai:

&

Seryis et al. 1876e). A1) vhese pervicle fluxss wevre
ohserved within the plagua sheet.

Several papers deal with the location and size of tha source regilon.
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Carbary aznd Krimigls (1979%) {found thai the accsiesrvari
and small, and that the effects will be aeen only 1f the abaarving space-
crafit happens to be magnaticzlly conrected o svch 2 reglon.  Sarris ek

al (1976b) concluded from muliti-epscecralft proton ohsevvaticus that the

length of the source regicn alony he x axls was 300 o 2.400 ko and that

it moved at speads af 30 to 80 lkm/s o more clouwg the tail. The lgcation
b th

of the source was beyond 22 Rp in the magnetotail, ond the scurce prodece
energles cver L.85 MeV in a localized regilon.

14

In the above exawples no persuaaive avidence for an S~rype neuwtral lioe

wvas found in sssociation with (he source. This contradicts the cbsarn~

vations reported by Terasawz and Nishida (1978), who concluded that relati-
vistie electron bursts {0.3...1.0 MeV) probably ocour at the time of che
southward turn of the local By, 1. e. near a megneric nectrzl line in the

magnetotail.

The associlation of the loczl neutrali-line strusture with particle
bursis has partiy satisfied researchers who iry to explain sll particle
energlzaticn during auroral subsitorm by “enhanced recemnactlon.” Terasawa
and Nishids (1976} poiant out that the ceouventleonal explanacion of accelera-
tion along tlie neutyal line is in trouble unless there iz an inductlon
« This iz too high

field of 80 wV/m along the X~line over a distance of IRy

In magnitude for typlcal magnetotall conditions, as pointed out by Pellinen
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and Heikkila (1978aj).

Kirsch et al. (1977} report large tresngient anisctvopic fluwes of high-
energy perticles azlong the nagnetotail (WF) 0.39 MeV, W,» Q.22 MeV)}. The
anisctropies ware 30:1 for protons and 3:1 fnr electroms when the electrons
propagated tailwards and the protons earthwards. The liccal magnetilc field
changed by zbout 15 nT during the one minute in which the eshanced flunse
wera cohgserved. After a detalled analysis they conclude that this provides
Indirect evidence for a short—-duration DC electric field or a localizad
inductive electric field which celeratee protons and elactrons Iz oppo-

gite directlons by up to I MeV in 2040 geconds.

Kirsceh et al. (1977) end their opaper with a summary of the conditions
for theoretical models of transisnt electric fields In the magnetotail:
"(a} Electrons and probons must be given hundreds of keV of enexrgy in a
few seconds,

{b) The

%]

rocesg must allow for oppositely directed proton and electron
anisotropieg.”

In a more extensive gtudy of Firsch et al. {198i) the exlstence of flux
anisctropies was confirmed. TFrom the temporal delays between ths
appearance of proicns auad particles in different energy ranges it was
concluded that the accelevation mechanism is charge depeﬁdent and caﬁable of
energizing particles up to ~ 1 MeV/charge.

Actually Klrsch et al.'s obsarvations (1977) could be expacted in view

cof the ground observatlons reported by several authors between 1967 and

1975. Even though the energy ranges are quite differ ‘ent, separation in
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the proton and electron precipitation regions hag been observed during the
expansive phase of substorms. Akasofu et al. (196%) and Montbriaand (1971)
found that Hg emission 1s absent in the WIS (westward travelling surge)
that appears on thelevaning slde after aﬁroral break-up. Oguti (1973},
Pukunishi (1975), and Vallance Jones et al. (1982 demonstrated that?ikxthe morniag
gector, both the diffuse {(elsctron) aurcra and the proton sursrz overlap
during gquiet times, bhuc the proton aurora lies polewzrds of the electron
aurcra during a substorm. According to Fukunilshi, there is & mechauism
accelerating electrons In the pre-midoight region and protonz in the post-
midnight region along the geomagnetiec fisld linesz down to the lonosphere.
Equatorwards of these regions are areas of diffuse proton (dusk) and
electron (dawn) precilpitatlon. The relaticonship of these reglons with

fleid—-aligned currents during onsets will be discussed In Section 8.

3. BASIC THECRY

3.1 Blectyic Fields

All vector flelids in three dimenslons are uniguely defined 1If their
divergence and curl are speclfied, and 1f these ag well ss the vector
itself vanish at infinfity: this is ksown as Helwholtz® theorem. Consider

the vector field Vv (x, ¥, %) such that

V.V=s (3.1)
VaV=¢ (3.2)

The inhomogenous terms on the right hand aldes are mathematically known as
the sources of the vector field V; if both svurces ar: zero avervwhere tne

vector field itself voanishes.
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Thus, the magnetic fileld hes ouly one source, since V . B = (; the
gouree is a curvent density deflining the curl of B. Howsver, the slectric

field has two types of sources. One is charge distvibutlon, as spacified

by Gauss's law V.E=p/e,.The othevr source 1

in

2 change in the magnetic f£leld
given by Faraday's lav, Vufi=—3dL/0t. Hoth the sources of the electric Field

can be indepaudent quantiitdas: in fact, ooe csn fake the view
physica ig contsianed L the

good sense both mathamatically and physically to divide she

into two paris,

with the definltions

H
o

TxE® =

(3.5)
which ig the uvsual definition of the electreostatic fileld, and

ind :
VeE™" = 8 (3.5)

i

— .
Pxeg Yy ~5B/d¢ (2.7

P

it

which ig the inductiom electric fleld, without any coantvibutica by charge
separation.

Ag stated already in Secti

e 2
[*]
™
el
=

“
A
i3

iz our view that a serious short-

coming of MHAD theory is that thess two ty

g

es of electric fleld are lumped
into one, thereby denylng amy discussion of the mathematicaelly and physi-
caliy distinct sources. When thera is no dissipation perhaps this is
excusable, but when there iz diasipation, however small, ons must look for

cavge and effect velationshiips to understscd the physles.



One can also discuss the fields in tavms of porential funcstions, the
scalar potential & and the vector potential 4. Io orvder to de that one

must chocsa a gauvge condition. Ths choeice of

T
o
o
=

Qrentcz gauge is par-
ticularly useful for formal calenlations since then the potenftial functions
are Lorentz invariant. However, in s2nv given frame of reference the Coulomb
(defined by V.A=0) divides the field into the twa parrts, equations 3.4

o7 S Ty

This gauge 1s not Lorsntz invariant; the reason 1z that rthe charge
distributlon depends on the fraws of reference, evan at low veloclties.
Hence one must be very clear as to the proper chelca of frame of

reference. With the Coulomb gasuge we have

= =V (3.8)
A (3.9)
where

and (3.10)

d =2 fr; T
' TS s [

where the square bracket indlcates retarded solutions, and where Jp 11

(]

the scleneidal part of the current with V.Je= o; for most jurposes this

&

ig the significant pert sinca the irvotatiomal part governed by agq. .4

is at lesst six vrders of maguitude smallev.

3.2 Regponse of a Plasma to an Induction Fleld

The vespuonse of a real plasma to an induction field in three dimensiocns

has not been discussed euten

(U

L]

ively. Here we shall veview the main results of
the papers by Heikkila and Pellinen {1977}, Peilinen (197%a), Heikkila et al.

C1979), and Cragin and Heikkila (1981).

If charged particlas could be as contributing Lo
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lectric fisld | conld be calculated

1]
Lot

the electric field, the iunductive

from the change of the current demsity distribution J by using equaticn 3.9

Lauge
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together with the definition of the vecter potentia A (eq. 3.10)

When charged particles (ious aand electrons) are introduced into the
system, their differentisal wotions may cresce a charge polarizatlon fleld,
which is irrotatiomal given by equation 3.8. When added to the "pure

.

induction field we have for the rotal field

.-.12‘:
i":_;“krdwtﬁ e ‘C/qw {3&11)

The petentlial &, and thus the real electric field E, ave difficult to

(a) The plasas resposds on many diifsreut cime scales (electren

plasma period, electvon gvio periad, electron bounce period, the

sorvesponding lon pariods, Alfven wave resurance bimes, ero.)
(b) The potential dapends verv sensiuively on the azctual differential

= -

displacements of positive and pegative particles. In the plasma sheet,

- . . 1 -
relative charvge lmbslance of 107 10 Guer anly substanti

m

al part of

"

fta volume would be enough te generate electric fields of a

streagth compavablie te the pare inductive

Regardless of the complerxities involved in calculating the real electric
fleld, we can distinguish the following important features:

-

{a) Polarized and induc

ri,

d elaectric Fields are topnlogically different;
an electrostatic fleld has a venishing lime integral arsund avary
closed contour, g0 1t ecannot effact the electromotive farce of the

induced elecirviec field, i.e.

52
e
fik
tei
e

o i g - ind
gL-dl = SE™HES) .01 = 2i™ar 4

M. X .
where ¢ is the total magnetic Flux encloged by the contour,



(b)

(e}

(d)

-726-
Whatever the distribution of the secondary f£ield ES8 ig, the

regultant field must remaln finite and large encugh to maka the
inite and equal to - S
at

Fh

line integral
There will be an induction electric field in the plasma wherever
the magnetic field chauges; its source is nct antirely local, but
igs weighted by the inverse dependence oﬁ distance Iin the defini-
tion for A. With the complax geometry of any real magnetic fleld,

this induction electric fileid will in general have components hoth

P

perpendiculay and parallsel o the magnetic field zt every point in
space.

The effect of B musi be to polarize the plasma aleng the magne—
tic Field, so as te reduce the fotal parallel field. Thus, to say
that E is zero {or small} is nctb to say that evervthlag 1s
quiescent. The plasma will continually adjust its charge demsity
in response to the changing inducticn electric field. One could
think of this situation as dynsmic eyuillibriuom, and not static.
The charge will be mainly carried by the electrons because of
thelr mobility, but esven electren wobiiity is mot infinite.
Tranait time effects, snd various Ilnstabllities, are bound to
ocecur.,

If the polarization of charges leads to suppression of the
nagnetic~field zligned electric fleld component E, , the require-
ment on the lire integral around am arbitrary contour mentioned
gbove in peint (a) implies that the transverse component E, is

enhanced instead.

When the net Ey becomes swmall (B, = Elﬁd + ES¢ + 0) the transvarse
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electrie field E,= BN + §CS in the ionosphare and in the magne-
tetall may be in opposite ssansasg, to provide a net circulatiom, in
agreement with Eq. 3.12. For egample, when &¢M /dt <0 we
wight bhave a westwand electric field omn the night eide at low alti-
tudes (in apparent agreement with a dawn-dusk magnetotail electric field),
while at greater distances in the magnatotall along the same
magnetic fileld limes there would be a dusk-dawn eiectric field.
Even if some unknown electrostztic field of extermal origin (such
aa the cross—tail field} lg added, the transvarse sleciric field
can vary in bothk magnitude and dirceticn azlong msguetle lines.
Thus, with an induction siectric field we canpot mep eleciric
fieldes froem one regilon in the magretotall to another.
Although the term "induced electric field” appears %n pzny articles on
magnetospheric physics, the fzet that it hag 2 curl and its relation to
irrotational fields has not been explicitely noted in the magrnetaspheric

literaturc previous to the article Ly Heilk:ila and Pellinen (1977).

3.3 Energy Transfér

The energy of cherged particleg c2n be increzsed only by means of
electric flelds, d.c. or a.c.; this snerpy can he redistributed arong tha
particles by cellisicns or wave~particle interaztions. (In the magne-=
tosphere the former mechanism is not importznt.) The specifie mechanisms
that dominate the energlzation of parvticles may be different in diffarent

phases of aurcral development. 1In any phaze, Povating's thecrem can be

usad to elucidate the exchange of energy between the e;arLrema meiic field



and the kinetic energy of particles (HMeikkila and Pellinen, 1977: Heikkila
et al., 197%; Semsnov and Sergeev, 1981),
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The left hand term indicates the total rate of transfer of eunergy glven to
the charged particles by the electric fleld. (The work dune om a charged
2, by defini-

particle ig g . v, and the gmmmation I gv over all partigles :

I

e

i

tion, the electric current.; This energy can come froem {or geo to,

term2 on the vight hand side. These describe,
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respectively, the rate of change of magnestlc enevgy, the rate of change of

i through the bounding surface. (As
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alectrle ernergy and the Foenting
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While it is only the electric fleld that can energize the charged par-

tlcles the energy density residing in the electric field is negligible com~

paved to that Iz the magnetia fleld. For exsmple, a usgoetic Field of 10

-

JuTH =200 MaVmT ) while an electric

.
Tt
)
H
’ri-l
]
fmi

aT has an energy deunsliy of 4§ x
field or I mVw™+ has an enarcy deneity of only 4 x 10718 m—3 (= 20 eVm”3}u
Thus the induction electric field segentially acks as an intermediary in the
transfer of esergy. We sheuld aiso note that the firvet two terms on the right

hand side in (3.13) alwo include the energy residing in waves. TFor any wave

far obsesrved (Shawhan,

4]
Gl
G

fields, excepc im the ULF vange, the rme amplitude

1979} or reascnably expectsd to exizt are small enough For the countribution to

the esergy density to be negligibla.
af gquiet times and during wost of the growth phase of s suhsiorm, the

electric fleld is zzn neglact the time

dependence. Hence 3.13) i effective



during quiet peviods, which implies that the energy for
ticles enters the wmagnetosphnere [vom outside.

During storm conditlona the time dapsndent term:

differ from zerv. The gource term --3B/3t gives the

field by Faraday'=z law. EVLB in moderate substorms,

induced electyic fleld sometimes excesdg the avarasge
crogss~tail alectreststic fisld by more than a pawer

1978, lect the

187%a). ‘Thus we can safely neg

under the conditions prevailing durding & sebstorm.

4. ENERCIZATION OF AURORAL PARTICLES TO PRODUCY QUIE

the auroral par-

3

i O

in Fq. 3

toduced electric
the

the streangth of

strengilh of the

af nen {Paliines,
of Poyntiag's flux

SCENT AUTRORAL FORMS

Auroral phenomena can be divided inte owo maln categories: gulet-
time acrvoral aves, and sctive avrorval forms of the type ancountered
during a subatorm. Ay gulebt-time surors we masn Lhe Dowdgencoud arc
oun the svening acd night eide of the auy znd the diffuze
glow appearing equatorwards of it. Thess forms weve equatorwards in
the course of the evanliug and, denending {2t lsast partly) on the TMF
conditiong (lovonipl and Kennel, 1972}, the avveras ocuasicanslly
undergn a growth phase which ends 1In auroral break-uwn.
There now seems ilitle doubi that s coeppanent of tha electric
fileld pasrailel oo the magnatic Ilnas occcurs abwve dlscre aureral arcs
see Alasofud Kan, 1981). Inaplusma this B, is dependeat upona strong vpwavd
current. This noa led ta the commonly v "The asurovs

results from an

electrical dischargs
wind-ieagnecosphere dyuase” (dkavufu, 1%L, In whav

statement, Tag {(1982)

alternative has gsid that "The

Lhe impe

ars man erfect

coupling
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magnetosphere~ lonesphere Interactiliong.”
However, a number of difficultles exdst with this rather
simpliistic view. We list z few gz follows:
1. Wnat csuses the field aligned current in the first place, that
geems te be g necegaary coudition for the creation of En?
2. How can =2lectron and positive ion precipltation sometimes occur

in the same Jocatiow at the same time, with both showing signs

of fieid aligned seceleration? (Hultqvist et al., 1971; Bryant

3. Bow can field aligmment occur over a very large energy range,

somaiimes with e snhancem

near the characterisiic peak in

the euerzy specitrum{Whalen and

¢ How can thene be

aurural brealkup, Lo czuge avroral fadiag and other concurrent

phenomenz (Pellinen and Heildutils, Y780}
We guggest that in
the formation of surcral are 14 we understand thasa csn we claim

¢ have a united view of the creatisn of aurcral aros.

The first point to notlcs Iz that thersz is dissipation of electro-
magnetic energy in the plasma sheet at 2ll times. The magnerotall
structure iz maintained by a zryosstall curreni approzimesitely 30 wid/m.
Both obsaxvaticoms of particle drift wotloas on closed magnetic field
lines (De Forest and McTIlwain, 1971: Mellwain, 1974) and direct

electrie field measurements on GEO8~1 and ISEE~1 (Mozer et al

Pedersen and Gravd, 1978) show that the average petential driop over
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the plasma sheet Is about 50 kV (the extremes are 5 kV and 200 kV).
With typical dimensions of the plasma sheet these values of current
and.voltage correspond ta a total power of about 10%¢ W in the plasma

sheet (Beikkila et al., 1979).

3

{2
pars

'hig dlssipation in the collislonlesg plasma ino the wagnatotall is
in the form of particle energization. The number of particles
supplied to waiatain the globsl quiet~time auroval pracipiraticn has

w oy . ) ¢ - g - - wy 'y
d by BLI1 (1974) te be abour 1G2% 371, with 1046 pan~
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ticles to share 10+ W, an averaps epergizatiorn of the order 25 ke?y
per particle {s impli=d. This corresponds to a motion ahout halfway

acroge the magretotail, oo

mergy f[rom the electrile
fieid.

With the assumptien that plasma sheet parnicles are assentially
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colllsionless it theovy can be uesd, with conser-

vation of the sdiabatic fnvarianias, at least ¢y first order. Woen the

£irst dnvariant is cemserved, the mirror poiot of a particla whic

paing enevgy will be (in Lerms of zeocsnirvic distznoe), as can
be shown very eagily (ithis Llovariant is rhe transverse energy divided

by the magnetic field strengith). Assume thet the particle at two dif-

4 5
farent times hss energiles W aud W¢, with

At the wirvor points this emnergy is entirely in the transverse com—

ponent, by definition, so that



at mirror points
Then ccuservation of the invariant implies that

12 /ul m l/ml

< /B I:.-L/Bm

Thus the magnetic field By at the mirror point must inerease in accor-
dance with the relatiom
5
z g7 1
3 . ¥4
m L1 m
w

The geomagnetic field stremgth at conatant geocentric distance decr=ases
with decressing latitude so that the mirror peint will be lowered quite
rapldly with plasmz coavection foward lower L-shells (Dungey, 1963).
This statement is true for any energization process whatever, as long as
the first invariant is conserved in that process, even for betatron

acceleration despite the fact the energization is mostly transverse.

This would seem to be almost a trivial fact, yet irs significance
has been overlocked. To quote one single example, Swift (1981) im a
review of mechanisme for auroral precipitation concluded that "The dif-
fuse aurorz, likely caused by proton and electron precipitation, is
the result of pltch angle secattering by electrostatic cyclotron
waves.” BSince (1) there 1s particle energization in the magnetotail at
all times; (2) there are particles with mirror points already at low
altitudes; and (3) these mirror points mugt come down by any energlza-
tion process 1f the first Invarlant is conserved, there ﬁill always be
precipitation. These definite statemants are consistent with the fact
that auroras occur at all times, even in very quiet times (see Meng,

1981).



e
Gf course, 1f, in additicn, there is picch angle soattening this
wlll enhance auy precipltation. BHowever, plich arngle scartexing is
not necegsary to eczuse precipitation.

In the past, energlzation of pilzama gheet particies has ganarally

been takan to mean adiabatlc compression, uvsing the concepr of moving

o
=

magnetic fleld Ilass (Axford, 1968%. Particles with 909 pivch angles
the equatorial plane are thought to be cogprassed za bhey move inward:
this iz commeonly called betatron accsleratdon. Partlcles which have a
1arée component. of velocity along magnetic field ldlnes wndevgo longitu-
dinal compressiocn, thought te he assoclated with comservation of the
second invariant; this is the ge~called Fermi acceleration process.

An zlternative way {and the more fundamental) 1s te de orbit caleu-
lations on individual partlicles. Collisicnlizse paviicies in the plas
sheet undergo the following three large-scale (puidlng ecsnbter) drifc

movements (e.g. Hines, 1963; Northop, 1953; Roederer, 1%70; Pellinen,

1979h; Hedlkkilza, 1981L).
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Blecirice driftr, Vo=

where § is the dawn~to dusk transverse electric fleld, amnd [ the lacal

magonetic—~field vecior.
o "_171 \n\}j ® VB}
Gradient dwife, R {423

where W is the kinecic enavgy of the varticle, o the piich angle, and

g the particle charge. The iraangverse kinetic energy lag W= W sin‘e .
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The total drift velocity Is v = vg + vp + vp (

Sipce vp is perpendicular to E, the energy of charged particles

cannot be changed directly by thedir movesent in the direction of wvg.
Gradient and curvature drifts depend ocun the chargze, &nergy,-an&

pitch angle of the particles.’ Positive particles in the magnetosphere

drift westwards, negative particles eascwards. In the magnetotall

thege motions carzxy & wesrward curveni; sg thisg ig in the diresction of

the electric field, there wmet be 2 i transfer of enerpgy specified

ot

vy E v J, which was evalunated above.
Hines (1963) has considered the equivalence of the two methods,
the fluld treatment and the orbit thecty. He finds zocd cunsiarency

with regards to betatron acceler
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eai: phygsical
ilacerpretatlon is gquite differeant in the two zpproaches. As one
example, wich MHD only Ve ls important, whereas in rhe particle
approaeh V. ig the relevant quentivy. This slcme should be a warning
on the use of MAD thecry. Un Fermi gecslerstien, he has concluded that
although the second invariant wmay be preearved in longdtedinal
compregaion on a diffevencial scale; rhis mignt wvot he frue oo an
Integral scale. A similar situavion emists with infinitesimal and
finite rotaiions in mechanics. 1In any cage, a5 he recgalls, MHD theory
is oaly approximate, and it mest be basad cn particle orbir cheory.

it is the net drift over one bounce pericd that is important, net

curvature drlft or gradient dritft by itself. In certa’n types of

fileld gecmetry 1t is pousible te have zero integrated drift, sines

curvature drift et the equatorial crossing is opposed by gradient drift

as the particles go inte stronger sagnetic field in the lobes (Stern



and Pazlmadessg, 1975; Cowley, 1978). The geomeiries usad by these
anthorg were basiczlly one~dimensionsl with vo gradient toward the
earth, and hence the results abtained have unly zcademls intersst to
the production of awvrcrazs. Wicth no dependence along the x-direction,
there can be no compregsion, and hence no energization, te use the
fiuid approach. With orbit theory, the existence of integral dvift
motions in the magnetosphers can be demonstrated by the ring current
which iz mainly produced hy gradlent and curvature dvifiing of pav—
ticles arcund 380 keV. What pgoes on in the plasma sheet 18 Just a
simple exteunsion of the ring current processes. PRvsn in a dipele
field, curvature drift is more importanmt for particles mirrvering at
low altitudes; when the magnetriec field has o tail-like geowetry, cur—
vature drift should be enhanced even umove.

The magnetic gradient VI is the dominant factor in the near magneto-
tail where R is large, and henee the curvature doift negligible.

2
Particles with large pitch angles (sin"o rt 1} galn emergy most effec-

S

tively in this reglon. Thus the equatorward part of
the quiet-time aureral oval is covevzd by 2 diffuse aurvora, notlnmg that
betatroo acceleration js accompanied by precipltation. Partizles that
produce high latfiude arcs have small equatorial pltch angles in the
distant plasma sheet. Thesa particles wust therefore be accelerated by
curvature drift in the far tailB wheras R is small, VB negligible, and
cosle is large.
Thus 1t i1s entirely natural that there should be two dlfferent

kindg of aurorazs, discrete arcs and the diffuse glow, because of the

twe terms in the drift velocity to cause energizatilon, Yo and Vo, a8
=t



already stated hy BHeikkils (1074, p. 2429).

If we asssume that the epcrgizeiicn prosesg by
adiébatic {{.2. the mignetic momsant remains counstant 1o the guiding
center gystem of the partlelie), the dncrease in the totzal lkinetic
energy of the particle has to go directly te ilts longltudinal com-
ponent W, (see Heikkila, 1981). parricles that are trapped on closed
field Iipes will pass ths: accslevabdon regiou several times on each
baupce, amd =ach time they receive wmnre langliuwdinal energy and thelr

pitch angles decreaase; the mirver points of the particles descend

rapidiy. Rence curvature d in the praseanse of tha transveras
electrie fileld provldes 5 mechanism that feeds parvticles continucusly
and rapidly iaco the loss conse.

Yt io also dipgaresting ve note that a purely trapsverse olectric

field can cauge

farence berwaen energizacion by wagnetic~{fleld-alipred electric flelds

Sinee we are aadaely incerveszed i the «ffeats  to he sesn oo gharp
auroral ares, we ahould study the curvature egergization in greaztar

detail. The radius af an avbityary smooth curve,

K i o
e B LB )Y (4.5)

K* :
vhere t is & unit vector tanmgent to the cunve. Nere we can set t as

B/8, and usiog standard vectov-analysls equations we obtain
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As stated above VB is negligible in the far-tail nsoeiral sheet, so we
can drop the second term Iin equation (4.7). As the loczal currvents in
the Ffar tall affect B, we can write V x B = y,J, whare J is the

resultank of the local curvents. lenoe

5o
[es}
—

By i.eé., Lhe crose-iball current.

Eguation (4.8) shows that the curveture drift is directly preoportiona
to the Jocal cross-tail cuvrent denslty, oo ib can be written In the
f£orm
BE o _
J.=Zn, g. v, =L n. W, () 0, . 4.9
e e ; AR AT = (4-9)

where the summation 1 is over all the differvent typssg of particles.
From Bg. (4.9) it can be seen that Jjpq = dr if the longitudinal epergy
densgifty 1=z dIn balance with the ecreryy Jdepsity of the local magpnecia
fleld. Tf the partlele curvembsare equal to or less than J, the
'systam remsing gstable. If the particle currents sxcaed Jl,(i’e"’ the
Tongitudinal energy density of the plasma ercecds the magnetle eoargy

sity) a carvent—type inscability, czlled Firshoss lostebillty, sats

L

in (e.g. Schmidi, 1966, p. 249).
4 quiet aurcral arc has, Lypilcally, s narrow sheet structure which
extends over a wlde lougitndinal sesctor. To explain the aurcoral are

strvcture Heikkila (1981) wmodified the model praguonted alicve by lavroe-

(=7

ucing & fdlamentary curreat; or current sheet pinch (Fig., 10) in the

]
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pagnatotail.

This model would sppear vo satisfy the cbjecticuns to the simplistic
model piven earlier, chat of providiang an upward field-zlignad current, given
such a current Filament, and netiug the lowaving of mivrer poinks with

A fillamentary nature of the cross-~tall curvent would appear to

14
it
]
cq
t
I 5
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be more likely assumption than a perfectly smooih sheet; this has been peinted

out by Alfven (1%931), who has given numercus examples in other plasmas.
Starting from 3 non-unifowm distridbutlon of eross~tall current

Hpikkild inferred that the ensrglzation by curvature drift is enhanced

whers the current deasity is Jocally increased. This leads te a latitu-

dinal profile of particle energy which is similar to an inverted V.

Hence a particle emergy profile weasured by a satellite gives information

of the profile of the cresse—tail current io the equatorial plane.

In addition, therefore, according to oer view, the final energy of

the precipltated particle would be

W= g Wl o+ erd (4.10)
where the first term representsg the gain In energy produced by plasmz

sheet processas (HI vepresents the initiul particle energy and g (> 1) is a
factor to be defined by the plasma sheet processes, mainly curvature drift),
while the second term shows the gain in energy by a parallel electric field
abeve the auroral form.

We can now see that it also satisfies the second and third objections
at the beginming of this gecrion, since it is the pitch angle of the
partivle that is important, not ths total energy or sign of the charge.

In the next secceion we explore the possibilities for producing auroral fading.
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5. TRIGGER PHASE

A new distinct observation relared to substorm onset 1is that of aurorzal

of the aurora has stopped, a few minutes before the impulzive growth of
auroral luminosity at breakup. Some other ionospheric parameters also
fluctuate rapidly before substerm onser. Hence, the iuterval between substorm
growth and expansion phases when the rapid variations cccur has been called
"trigger phase” by Pellinen et al. (1982).

" To understand the development of the triggsr phase, we need to examine
the neutral sheet current and, especially, the growthlof JC due to the
transverse energization in more detail. The rate of particie energization

by the cross-tail field can be given as (seec Eq. 4.8)

.

=qE » v, = SOl ¢ ©Jy) (5.1)

In the magnetotail E-J, > (0, which means that particles gain energy. All
the energy gained in adiabatic acceleration by the transverse electrid field

goes directly to the longitudinal component (Section 4). Hence, in the

dW _ dW,

dt dt °
r

exponential in time if (E J,)/B” stays constant. In practice this term

left-hand term of Eq. (5.1) which means that the energy growth is
respends to the changes in J_ by induced electric Ffields, polarization
currents and changes in B, so the growth wmay be dampad effectively at the
start, thus permitting the relacively slow growth phase development
observed (Pellinen, 1979b; Heikkila, 198i),.

During early times of the substorm growth phase the igcrease of the
cross—tail current and the related thinning of the plasma sheet will be
approximately linear, but after a certain momeni the increase of the Cross-

tail current becomes locally non-linear. During the linear growth and the
¥ 5
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early phase of the non-linear growth enhanced particle precipitation into
the ionosphere can be observed which results in a momentary increase in the
D-layer absorption, ionospheric conductivity, and auroral brightness i a
narrow latitudinal vegion (Section 2).

4s pointed out in Sectien 4 believe that the nevtral sheet currsnt is

filamentary, with individual Zilaments heing conmected to aurecral ares as
shown in Figure 10. When Lhis current is pinched, becoming enhancad locally,
there will be an inductiou electric field. The mechanism operates in the
following way: Close to substorm onset W, in Eq. (5.1) grows non-linearly.
According to Eq. (4.3) this leads to non-linear growth in XC and, hence, in
EC (Eq. 4.9). The non-linearly growiug particle drift currents lead to
an effective current pinching and to a growing induced electric field which
can be most easily calenlated by using the Coulomb gauge, according to
equations 3.9 and 3.10. These squations show, because of the negative sign
in Eq. 3.9, that this induced electric field will oppose the current
variations, in conformity with Lenz's law. Thus a local increase in the
current density will induce an electric field which is in the sense from
dusk to dawn, opposing the cross-tail electrostatic field, thus weakening it.
This will result in less efficient energization, and consequently less
precipitation, at all emergies, and fov both signs of charge,
0f course fovr the ions transit time effects will be marce imporrant than For
the iighter electrens.

At lower energies the second teym of equarion 4.10 ig more important,
due to the paraliel electric field, a2nd so theve may not he much fading in
aurcral luminosity, in keeping with the observatiouns. At the higher

energies, this szcond term is not so important and thus there should be
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more of a decrease at those higher pavticle energies. This is clearly

supported by the observations, as discussed in Section 2 and shown in Figure 6.
‘When the cross-tail curreat density iz increasing in one region it

must be decreasing in some other region, since the current is described by

VeJ = 0. It is appropriate to call this a current meander. This feature

is shown in Figuve 10, which indicates that in the vegion of decreasing

current density the induction electric field will enhance the
electrostatic field. Therefere, in this region the plasma convectiou
shoﬁld proceed faster than elsewhere. This explains the scuthward rush of
the weak aurcral patches poleward of the breakup arc that were shown in
the film at the Workshop discussed in Section 2.

As soon as the induced electric field dominates the dreoss—tail eleceric

field in a localized vegion of the neutral sheet the mechanism dessoribed
o 3

and Pellinen (1977) and Pellinen (1%97%a) may result in the onsat

Pellinen et al. (1982) presented scme chservations thst supported an

e

dea of a two-stdge trigger phase. Dur

e

ng the first stapge of the tvigger

hase (Figs 3,6) the southward drift of zurcra still persisted aad the X-ray

)
o]

counting rate reached maximum, while the glectrojet half-width (observed hy

a meridional chain of ground-hased magnetometers) was reduced with increasing
current density. However, the total amount of integrated equivalent polar
electrojet (PEJ) current was decreasing, and no dramatic auroral fading
effects could be resclved during this stage.

According to the theory presented above we inrerpret these observations

[

as an indication of the non-linear increase in the cross-tail current -

density following the nearly linear increase during the growth phase. The

]

transition between these two pbiases should oceur as a natural developnen
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of purely internal magnetospheric processes. As a result the total electric
field in the source region of the precipitating particles decreases but still
remains westward, the precipitation becomes gomewhat harder and the area of particle
precipitation in the ianosphere shrinks in the north~south direction
{(pinching).

During the second stage the aurora stopped and brightened (Fig. 3).
Auroral fading was eupected at this moment bub it was observed only in ballcon
X-rays. This ig in agreement with the interpretation of Eg. 4.10 presented
abu&e. The start of substorm onset was signalled by the growing tremd in
the electrojet parameters during this second stage. The final triggering
may have been influenced by the northward turning of the IMF as will be
discussed later.

6. MODEL FOR SUBSTORM ONSET

_Observations made onthe ground show that the substorm starts in a limited
region cleoge to magnetic midnight and generally not at high latitudes. The
disturbance then expands poleward and equatorward, to the west and to the
east. From this we can deduce that these ionGSpheric features must be
connected to the plasma sheet, however distorted the mapping may be,

In fact, a great variety of evidence indicates that the region of the
magnetotail involved initially is from 10 to 30 earth radii in distance from
the earth, certainly on closed field lines at non-substorm times.

From the ground level observations we can deduce, and satellite
observations agree, that there are local fluctuations in the magnetic

field in the plasma sheet (Rostoker and Camidge, 1971}. Lecal variations

in the tail field must be created by variations in the local currents.
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Therefore, our model of substorm omset is based on a madel of curreant
perturbations.
We make the fellowing fouy assumptions:

(1) There are local variations in the cross-tall current Ins;

(2) The current perturbation grows In inteasity, 2nd spreads;

(3)' To a high degree of accuracy div = 03

s

(4) We agsume that §J,=0, and therefore §Lgm=dly,

The first three assumpticns herdly need any further comment than what

Ha

has already been given. The first two make thig an ad hoc modal, but
surely these are based on solid fact.

The fourth assumption 1s really our only true assumption, and we will
now attempt to explainp lt. We do assume it because in our view it ig the
energized plasma that inltlatee the whole process. Sconer or later the
plasma must leave the plasma sheet, carrying its energy with it. One pqssible
gegcape route Ia aréund the earth, following the normal cenvection pattern
as outlined by Axford and Hines (1961), and Brice (1967). If it can do
that, then there would be no substorm; undoubt&dly,.this is a normal
course of events most of the time. However, at certain times, perhaps
due to variations in external conditionms, or an especlally high value of
the magnetotall electric field or the plasma density, such a normal
escape route for the emergized plasma mey not be rapld encugh. We
. hypothesize that the energlzed plasma will plle up deep in the plasma
sheet. It can not go into the high latitude lobes, because the magnetic
field iz strong there also, and E x B drift is inward. Suvely It will po
in the direction of the least electromagnetic pressure that is confining

it, nemely outward in the equatorial piane of the meutral sheet.
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Such an escape could be accomplished by an outward current mzander in

«
i

the plane of the uneutral shest, as deplcted in Figure 11 on rhe right for s
apecific model that will be discussed shoztly. It i not necegsary to

have any variation perpendlcular te this plane to accomplish such an

egeape. In fact, any vazdatden in the z-dirvectios would induce an electric

perturbation in the z-

o
mw
-
i
(i

field copposing that current perturbation. Lf sucha curr
direction (and vhe consaquent inductien field) were of one sign oaly (as Fora flapping wotio
of the magnetotail), then tho breakup auroras should exhibit differences between

the northern and the scuthern avrarai zones. 411 evidence arguss for vary

similar conjogate point effectse, svggesting rhav aany © iy gmall Ini-

tially. Cn the other hand, zny breading

Fh=
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current: zheet (with both

+8J; and - &§J; on odpposite sidez of the neutral sheet) is not very
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wean that the plasme would have to go toward the higher
magnetic fleld strength in the lohes, which we ruled oubt esrlier.

Therefore, cur model is based on cuz single assumption that is net
hased on observatioms; Lt is, howsver, supported by fundamental physical
Teasoning.

In Figure 11 we alse shov an opperite meander, on the left hand side.
We call these negative and positive weanders. The reasom we include this
positive meander is basad on Newton®s third law of motion, uwhich daals with
action and resction. The plaswa that is rtakinmg part In the uhgsli:e
meander will move outward, away from earth, as will be shown later; this
action must be zccompanied by 2 rsaction, namely an inward mﬂtion of tha
plasma that 1s earthward of the escaping piasma. For sigplicity, in osur

L=

caleulations we have ghown rhis Inward mosuder as being cf the same

strength, gince its total effects are sm3ll in any case. It lz the nega-
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tive meander to the right d1m Figure 11 t¢har is most effeclive,
We have done calculatiomns oa this model, chosen because its solu-
tion is eatirely analytical (Pellipen, 1578, 197%a) Thers are six input
parameters of the model caleculations: two deplering the silze of the

disturbed area: {t} the temporal current densiity in the wmiddle of ths
L e b

fa

£ = . .
disturbance; - , the rate of current decressa in the same are:

4t

parameters for the expansion speads of tha disturbancs.

i and two

Let us flrst look at the magnetic fleld produced by the current mean—
dayén After a certain time interval the inteasifving and spreading current
perturbation produces a magnetic fleld as ghewn in Figure 1%, for the
exact middle of the disturbance at y=o. In Figure l2a the x—component is
shown; near x=0 the compoment has the opposite pelarity to the taill field,
and thus the combination becowes weaker. Om the other hand, the z=
component reverses ln sign along the x-axis.

For an explicit study of the affects of the disturbance in the magne-
totall it must be superposed on an appropriate tail-field model.
Unfortunately, all the existing models have been developed for quiet-time
conditions, so they do mnot represent the pre-omset condition of the plasma
sheet correctly. We have used the analytical modei of Beard et al. (1970)
which includes a thin neutral sheet current with a strength decreasing
slowly with distaace down the tail (at the top in Fig. 13).

Fig. 13 shows the tail structure development in the midnight meridian
plane during 25 seconds following the omset of the substorm. The center of
the disturbance is at X=-30Rg. The graph clearly shows the projections of
the X- and O-type neutral lines. The O-~type neutral line appears mear the

regions of enhanced current density, the X-type line in the regiom of
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decreased current density. Fig. 14 shows the shapes of the neutral lines
at 15 seconds after the onset in the x-y plane. It can be compered to the
diagrams preseuted by Vasyliumss (1776) for =z aimilax type of development,
even though the physical bases of these two dlagrama are totally different.

The temporal and spatial devalopment of the current systvem creates an induced
electrie-field structure that even penetrate areas in which the magnetic field
disturbance is negligible, assuming inadequate responce by the piasma to shield the
violent disruption. This is because Ei behaves asymptorically Tike 1/17, while
the B values decrease like 1/v?. This Ffact alsc emables an electyic field
to be projected on undisturbed magnetic field iines in the tail Jobes. Ar
reasonable values of the parameters (Pellinen, 1978), we obrain induced
electrlec fleld strengths of several wV/w within and around the disturbance
(Fig. 15). The stactic electric fiecld values appearing in the plasma sheet
average 0.15 wV/m, which means that they are negligible compared to the

Iuduction fisld close te the disvurbance bubble at the onset of the

substoim.

7. PRODUCTION OF HIGD~EMERCY Y PARTICLES

The above calculations agsume no resposuse by the plasms. This is
cempiletaly vnreal, and now we begin to ges what that vespense night ba. We
fivst comsider the buvsts of particles which are obsarved =0 occur ghortly
after the onset of the expansion phase. The number of partlcies that are
invoived is low enough that they do not affect the grossg structure of the

plasma sheat.

Immediately after cuset, before any new neutral line 1le formed, there

g already auw fnducticn elactric field, zavsed by the

weander, or alternacively by tche ¢
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that §J,~0, equaticn 3.10 shows that the induction electric field alse has no
Z cowponent, having only x and ¥ components everywhere. In the vlane of
the neutral sheet the induction electric fleld is everywhere perpendicular
to the magnetic field. However, above and below that plane where the
magnetic fleld is tipped over becauae of the tall-1like gtructure, this
field has components both perpendicular and psraliel ro the magnetic field, sz shown
in Figure 16. The immediate and obvious plasma response must be bto produce
charge sepavation by means of a field aligned current {(es discussed in
Secﬁian 3 and later In Section 8), and thus to reduce the toial elactric field
paraliel to the magnetic fleld. In so doimg, the plasms mat enhance the
perpendicular component (sse Section 3}. Thug, 1f anything, the total
electric field in the x-direction shown in Figure 15 in the plane of the
neutral sheet wiil be emhanced (mot reduced)by the action of the plasma.

In our conversations we have often wmef with the objsction to our
reasoning that the electric fileld produced by induction will be modified by
the plasma. We totally agree with this comment; however, it seems to be
further  assumed that the electric fiald must be decrsasad by the con-
ducting plasma. The arguments pregented above show that in fact 1t wsy be

enhanced in certain vegionsa.

At a certain time a new neutral line is formed (see Figura 13 and 14),

asin

]

an ¥-type in the region of decr:z curreni, connected to & O-lipe in the

i,

a9

region of increasing current. Roth types of neutral lines are formed in
the presence of an induction electric ffleid in the plane of the neutral
sheet, with the x-component enhanced by the plasma ar the y-couponent I1s
raduced.

At the Y¥~Iine thiz eleciric field wiii be of the same sense as agsumead
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in recomnection or merging theorles (Vasyliunas, 1975; Sonnerup, 1979}. Fluid (or
MHD). concepts lead to the fermation of magretic and electric field strue—
tures as discussed above, but it is a few individual particles that will be
energized to high enexrgles, which cannot be discussed by MHD theotry.

The interaction between charged particles and electramagﬁetic fields
can‘be expressed by the relativistic equation of motiom, which consists of
éeparate electric—~ and magnetic~fileld tarms. The electric fleld must be
the immediate cause of particle energization, because the magnetic force
qu x B does not affect the speed of the particle. To change its energy a
particle must have a velocity component parallsl to the electrie Ffield.

The rate of energy change can be estimated from the following:

dW = F . ds (7.1)
where ¥ 1s the electric Lorentz force acting on the particle, and dz is
an Infinitesimal distance along the trajectory of the particle. To study
particle energization, we must know the movement of a given particle and
the time-dependent electromagnetic Ffield at cach point on its trajectory.

4p guiding—center.apprcxim&tion may be non-valld in some regious of the
tall, the only way to treat the movement of the particle 1s to use the
equation of wotion In calculating ds in Equation (7.1). In fact this is
the only way to treat the effects of induction fialds because the energy
of the particle changes during each gyration at any one location

owing to the non-vanishing value OfJ#ai « ds.

Since the cross—tail electric potential field has an upper-limit of around 100 keV

in the plasma sheet in particle energization, owing to its comservative
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The dependence of the mechanism on the peutral line-regiocn also demonstrates
how selective acceleration can be achleved rather tham an equitable
distribution of the available energy smong the whale particle pepulation.
In the model simulations mede by Pellinen and Heildkkila (1978a2) 1 keV
electrous and 10 keV protons (90° pitch = gle) ware launched at differsnt

locatione in the neutral sheet. In the launching grid those points were

(D
H

selected from which the particles were most effectively energized. It

turned out that regicns close to the X~ and O-type nevtral lines were the

besﬁ, thanks to the two-step energizaticn process descvibed eariier in this

paper. Iu Plg. 17 we show a few representacive particle trajsctories

within the neutral line. The diagram shows thet

1. Energetic proton bursts sappear mainly on the dusk side ocutside the
loop. The protons launciied pear the G-type neutral line seem to stay
ingide the bubble.

2. Energetic electrons appzar both on the dawn and the dusk sides of the
bubble and drift out from the bubble close to rhe 0 line.

3. Gyrobetatron scceleracion can give the electrons an snergy gain of 80

eV, while correspoading acceleration on 2 gtyaight line from launch

polut teo end polnt would give only 5 keV.

]

his confirms the dluwportance
of rhe exact trojectory.
On comparing our results with the observatiome presenred ehove (Section

2}, we f£ind thay agree amgzing

200 particles whose pitch angle were 20%. When the field lines ars
nclesed in a loop abouf the 0-1ipe the paridicles camnot sscape along them,
go even particles with smwaller pitch angles remain insids the lcop for some

time before they can drift out. Hence the magnetic ioop structure together
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nature, an Induction field energizes particles mere effectively. TFor one
thing, en induction fileld is larger and thus permite higher acceleration
(e.g. along the neutral line, see Terasawa and Nishiéa,‘lQ?ﬁ); However, it
has its limitations because super-Alfvenic drifts sre unlikely in the
magnetotall, so there iz an uvpper limit on the electric fieldlwhich is pre~
bably smaller than 10 aV/m {(for details gee Tellinen and Heiklila, 1978a).
Another and more important feature of induction fields is their ability to
energize charged particles locally by betatrom acceleration. This, too,
has its limitations. The ratio of the final to the initial energy 1is directly
proportional to the ratic of the final to the initial magnetic field strength.
Hence the biggest relative energy increases are again achievable oﬁly near a
magnetic neutral line, where the initial field is very small. Expressed in the
language of orbit theory, the limitation is due to the dependence on rthe magne-
tic moment of the particie {for relativistic particles the relevant quantity is
the flux enclosed by the gyro orbit). Only particles with a substantial magnetic
moment at low values of |B[ (i.e. particles that already have a fairly high
energy) can be efficiently eunergized. Tn particular, betatron acceleration
is ineffective on cold plasma particles.

Near a neutral liﬁe the difficulty of energizing ccld plasma particles
can be overcome by a two-etep process In which linear, non—-adiabatic acce-
leration along the neutral iline provides adequate momentum sc that, when
the particle leaves the neuttal line and enters a gyvo orbit in the
surrounding msgneiic field, it has & sufficlent magnetic moment to benefit
from the betatron acceleraticu. As shown by Pellinen and Heikkila
(1978a), for reasonable values of the magnetic-field changes during a

gubsterm, initially zero~enevgy particles can be energized to MaV energies.
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result demonstrates clearly the capabilities of a vorational electric
fleld, which are quite different from those of sy electrosters
Afterv point D the electron agaln gaing energy from both tlhe delft aud the
Zyrational mocions.

To study field-aligned accelsration, particles were lzunched slightly
above the neurral sheet (vhere E. # () in the reglone whers the Field lines
vers coupected to ihe sarth. The pleture of precipivation at the subgsbomn
gusel bore out Fulunisnifa

substorm, the estimzted area of electron precipitation exeseding 5 keV at

the fsavspheric level on the evening side ig zbout 400w 200 wwe. which
3 bt b ]

would almoet fill an all-sky photopraplk (dismeter sround 500 km). This
arapir (

sgrees well with cbeservarions of auroral break-up.

1RM ONSET

8. THREE~DINM

The actusl onsel of auroral breshup and the expansion vhase of the

2]

ubstorm, including the development

invelve the respouse of the plasma

the ivrosphere. They o analvge do detail,

ra only In cuiline. However, when causge

aod effech relaticashipe zre propeciy noted, we believe that
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understanding th
It 1s our hypothesis that subsrorw phenomsna stem from the escape

of energlzed plasma from closed field lines In the plagma ghe est, away

from the earth. That such an escape wight be vossible g shewm by a
careful conelderatioe of the virial theorem; it gave that an energized

plasma cannot be held together by electromagnetic fizlds of its own
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making. We helieve that this eacape will at first invelve an outward
current meander, wost likely associated with an lon-tearing ingtabi-
11ty (Schindler, 1974; Galeev, 1579). It certainly is not reconnec—
tion since there ia nc pneutral line at this time. This current
meancer will induce an electric fleld, =lways opposing the current
perturhation, sc that with an outward weender the Induction electric
field will be from dusk to dawn. Because there ig au elactrostatic
field in the opposite sense, a weak meander iﬁ not sufficient; thig is
conslsteunt with the finding of Galeev and Zelenyi (1976) that the
cross-tzil field gtabilizes the instability. However, with suf-
ficlently strong mesnder the Induetdon electriec fieid 1s overwhelming,
and E x B flow is outward, still on closed field lines. 4n inten—
alfying and spreading curvent perturbatioun is invelved. Swoch an

explosive developmeni has hecn consideved by othevs, =z.g. Galeev et

bt

&
Next we will consider the generation of field a]1 pned currents. There

are two different Birkeland current sy&temﬁ,lthe large-dcale Birkeland current

sheets and the suroral curvent filaments observaed wost clearly 2t the

onset of a substorm. The treatment of fleld-aligned curreants in the

literature is often confusing because, in manv csses larvge-acale

currents have ot besen separated from storm enrrents. These currencs

are quite different is origin and productlon wechanisms, and the phy-

slcal and numerical models developed to study their ilowmospheric
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effects should take into account the diffesreances in their scales,
strengths, and dynamic propertles.

'We will not discuss the production mechanism of iarge—scale
steady-state Blrkeland current sheets. 8Several studies, beth theore—
tical and experimentzl, have been made of thess currents during 1970's
(see e.g. Potemra 1979 for review).

The subgterm current sgystem is often attributed to a short cir-

cuiting of the currant in the uneutral sheet through the ionosphere

-

eld lines {e.g. Bostrom, 1964; Clauer and MePherron,

I

along magnetic f:
1974). 'The mechanism responsible for the digrupcioen of the tail
current has not bsen treated adequatsly in the literature. A simple
ghort=circulting is toc narrow a concept, because the pdrticles ot the
magnetic field lines do enperience am upward force, namely the mirror
force -uVB. Therefore, divergent magnetic field lines in a conducting
plasma cannot be regarded as infinife conductors. A force must be
involved to get the curreat cawrriers down the field lines. Pellipen
(1979a) disecussed our mechanism gqualitatively, presenting a descrip-
tion of the whole three—dimensionsl curvent system agscclated with
substorm onset.

According te the model presented in Section & there are parallel
induced electric field cowponents (Ei 3} along magnetic fleld lines
outside the neutral sheet. This Ei accelerates electrons and ions
along the field lines ({Section 7Y. Thus a net curreﬁt (the effect) due to the
meandering currents in the neutral sheet (the cause) can be ohserved along the
fleld lipmes (TFig. 18).

The temporzl deveicpment of the electric field at any arbltrary
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field point leads to polarization currents which tend to prevent

changes of E io the plasma. The wmecraoscopic behaviour of the plagma
5 Y l ¥

cloud perpendicular te B 1is simllar to the reaction of dielectric
nedia, while the effect parallel to B depends on inertizl forces
{(i.e. the inertia of the plasma particlesk

In front of and oo the sidea of the expandliag currvent digturheace,

where F 1L B, polavization currents may fiow In reglong whsre § is
almoat unchapnged. These currentg are directed aleug 35/5% which weans

e:g., that the polarization current IV oppoees

16) on the culer edge of the dlsturbance. Hence, the net

*

Jr_} ‘::':‘j He

effect ol thess rwo currents Is a "curvent disrvupticn”. In other

words, eld-alipaued curvenis to flow to deliver charges 0
reduce L, but these chm are negated by Lhe opposite charges accumulated
; P

by J .

}y _J‘]

To summarize, the effsct of the parallel component of the induc-

tric fleld wilil

i

tion elec be tc accelevatbe particlez in a cyclic

pattern. At high latitudes there will be electron precipitation te the

weat, adgsoclated with the westwayrd travelling surge (WTS). snd a
stle lacer protonm precipitation to the east. The effect of the

secondary positive currvent meander (2 consequence of Newton's third

law) is te produce a protom fluwx on the equ ward gside of the WIS,

and electron precipitation to the east.

The energized electrons seem to be the natural current carriers of

the upward current.

carry the downward curvent entiraly,

fulfil the requirement of current continuity right £

However, ion inertia

especially at

ig too great for the

first.

In erder

ions to

to

rom the beginning of
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substorm the ionosphere has te respond by sending up some electrons. In
many cases even c¢cld electrons may be adequate, as vesults of Klumpar
(1979) suggest. The consequences of this hypothesis will be discussed

in Sectcion 10.

9. NUMERICAL MCDELLING OF THE ICNOSPHERIC PART QF THE SUBSTORM

CURRENT SYSTEM

Opgenoorth et al. (1980) argued that the wmain magnetic ground pertur—
baﬁioua ocbserved at the substorm onset seemed to be produced by
ionospheric Hall~-currents, driven by icnospheric electriec flelds due to
net charge distributions accumulated by field-aligned currents. They
presented some STARE data that supported their observations but they did
not model the substorm cﬁrrent wedge to see what type of horizontal
currents connected the cable-type field-aligned currents im the
lonospheric E-layer. The modelling work was done by Baumjohann et al.
(1981) for another event with similar characteristics. 1In a more recent
paper the expansion of the western part of the current gystem was
modelled by Opgencorth et al. (1982).

The event apalyzed by Baumjoha.n et al. (1981) cocurred on 15
February 1977 when three coosecutive localized auroral activations wers
obgerved between 2100 and 2130 UT, i.e. arcund magnetic midnight, over
Scandinavia. Cowmbined magnetic and STARE data were ugsed to deduce that
each-of thege acﬁivatinns occurred south of the Harang discoatinuity

(Harang, 1946) in a region of north-westward electric field.
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Fig. 200 presents data of the second auroral activatiom. It shows the
tuo-dimensional distribution of the. ground magnetic and iomospheric
electric fields zad auroral structures before (2118 UT) and during the initial
brightening (2119 UT), and doring the meximur development of the
suddenr auroral activatlon (2120:30 UT). The data presented iﬁ the 2119
UT and 2120:30 UT panels were usaed for the numerical modeling. Below we
will review the esgential parts of their work.

For the numerical modelling the ilonosphere was divided into small
cellé, each measuring 50 x 50 lm. TFor each cell the heightwintegrated
Hall and Pedersen conductivities and the electric field were given,k and
the heightﬂintegrated ilovospherlie curreat was computed according to the

Ohm's law. The current flowling nearly vertically slong the
field line out of each cell was determined from the divergence of the
horizontal currents in order to preserve current continuity everywhere in
the three-~dimensicunal system.

The model electric field data wae derived from the measured STARE data
as follows: the quiet-time electric field at 2118 UT (cf. Fig. 20) was
extrapolated te the south, east and west. A southward polarization
electric fie'd was thén added in the region covered by active auroraz to
fit the electric fleld measureménts made in the STARE observation area at
2119:00 and 2120:30 UT (see Fig. 20), and waa likewise extrapolated to
the south, east and west. Since the magnetic field observed at 2118 UT
was very weak, It wes assumed that the heighit-integrated conductivities
outside the active regions were close to zers. Optical auroral data were
ugsed to deduce the conductivity profiles (details given in Baumjohann et

al., 1981). By varying the extrapolations of the southward polari-
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zétion electric Fleld and the helght~integrated Hzll and Pedersen con-
ductivities in the active regions, the current systems were fitted to the
magnetic flelds observed at 2119:00 and 2120:30 UT {cf. ¥Fig. 20) by trial
and errov. Here we will reproduce the calculations at 2119:00. The spa-
tial distrlibutions of the height~initegrated Hall and :edersen conduc~
tivities, total loncspheric slectric flelds, height—integrated

and field-aligned current intensities are

iouncgpheric current densities
given in Fig. Z1. Also shown sre the spacial distributions of the
ground—equivalent current vectors attributable to the field-alipgned
currents (Fig. 2le) and the total three-dimensional currents (Fig. 21f).
Az can be seen Iin comparing Fig., 21f ﬁith the respective panel in Fig.
20, the model curreut systems reproduce all the esseantial featurea in the
observed data. The remaining differences can probably be attributed to
some outstanding ambiguitles iun the extrapoclation ¢f the electric fleld
out:side the STARE observation arvea, possibly to the assused conductivity
distributions, and to the hypothesis that the height-integrated conduc-
tivities are zero outside the regions covered by active auwrora.

The results led to the following conclusionz. The model ionaspheric
currentg (Fig. Zlc) are directed mainly westward and are concentrated
in the western half of the active region, wherz alse the highest condue-
tivitles are found. The current deasities of 600 to 700 gAmfl are come
parable to those reperted by Sulzbacher et al. (1280) znd Baumjohann and
Kamide (1980} for the Hall-currsat wastward electrodet. Mest of the
current, i.a.; the westward compeneuat, is closed hy very\lecalized and
intense upward fisld~aligned cuvrents at the western adge (ahout 7 uAm”z,

probably carried by =nergetic alsctrong; e.gz. Akasofu et al., 1969; and
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Ramide and Rastoker, 1977} and less intense

widenpread downward fleld-zlignsd curvent in the

break—-up Tegion {see Flg. 21d). Omnly shout 25%

(about 2 pAm™<) and mere
eastern third of the

of it flows northwards

and igs closed by the field-aligned sheet currents at the southern and

northern boundaries of the active regioan.

Thus,

the model ionespheric

current ig not an Ideal Cowling current in which no field-allgned

currents flow at the oorthern and southern

boundaries, but ir is cen-

sistent with the move realistlc case dlscussed by Coroniti and Kenuel

1972)., in which the northern and southern f

cannot exceed a critical ievel {aboet 2 pim~

leid-aligued sheet currentsg
2 in this model). The tem—

poral development matches that of the conductlvities and polarization

electric field; & north-west expansion wainly of icnespheric currents and

upward field-aligned currenia.

The numerical values of the model current systems are valid only for

activations shows that the general Zearures
data treared hers.

In conclusion, the model current sgystem
al. (1981} 1. In general agreement vith the

gubstorm current wedges (c.g.

1973), Thanks to the highev and tw
the magunetic data and the uwiilizarvion of the
the following facis can be added o thils

ia

Cowling type; the current wedge

alsoe longitudinally, at least during

concepi. The

the ianirial

the second bresk-up, but a comparison with the data from the other two

are in agresement with the

presentad by Baumjohann at

claggical concept of the

Lkagofr and Meung, 1969; MePherron et al.,

o-dimensiongl spatlial resolution of

STARE elaantric fleld data

icnoapharie

cerrent comnecting the two fleid-zlignmed curvent regions is mainly of

restricrad aot onaly latitudinally but

2]

momenig; the upward
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fleld-aligned current 1s coucsentrated at the western edge of the active
region and its density is higher than the widesprezsd downward Ffield-
aligned currents. These results are in agreement with the field-azligned

current cirevrit pregentad in Sectioun 8.

3
2
f

Opgenocrth et al. (1284} studied rhe ewpsusion of the western edge of
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the currenl wedge. They feound that the cable-typ
upward flowing field-aligned curraat is preserved and propagates within
theAleading edge of the westward travelling surge. ¥ig. 22 showa the
result of their model calculation. The trailing edge of the WIS is
surrounded by lonospheric Hall currents while a Cowling-type current
channel (where the westward elecirnjet is a combination of Hall and

the WTS. The result iz o

4y

Pedersen currents ) follows in the wake g
excellent agreement with Bauwnjohenn et al. (1581). In Opgenoorth et al.

(1982) conductivify could zlso he checked due Lo rockat obsarvarions la

the wake of the surge.

10, DISCUSSION

Some discusslon has alveady been presentsd im rhe previcus 5ections;
here the aim is to relate cur work ©o sone recently published articles and
to discuss the new views on substorm mechanisms. From our own work we
shall also point out some interesting details thatb are still gspaculative

and need further supporting observatiloms in order to be cenifirmed. The

presentation follows the sequence of the sections i the papeET.

Are the substorm phases internally or exteraally comtrolled?

In Sectlonus 4 and 5 we gava the ifmpression that purel} internal
coutrolling mechanisms cperating in tha magnetotail leed to substorm onsat.
Bowever, several studies give evidence that both discontinuities in the
solar wind pressure (SSC triggering, see e.g, Kokubun et al., 1977) and

changes 1n the directicn af the Interplanetary magnetic field (IMF) (azee
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e.g. Caan et al., 1977} mey cavsa substorm triggering. In & series of

zims ¢hat Lhe progevtles  of rhe

articles Akasofu {e.g. Shkasofu, 1
sglay wiod (TMF ond epeed) arve maialy vesponsible for substors dEVE%OPNEHt
by a driven ?Iﬂé&5%~ Hence, accerdlag o Akasofu there ghould be wo signi-

filcant epergy storage in trhe magnetocail prior to substorm onseat. In order

L nt

to study thilis gquestlon i wore detail Pellinen et al. (I982) made an =vent

o

gtudy whare the growth and rrigpev phase 3ignacurass were <learly
distinguished, and where the solzr wird data were aveidlable. Detalls of the
triggevr phase of this event weve given in Sectlovs 2 and 5. Hers we will

mainly coapcentrats on the NP relaied aspacts.

turnivng of fhe IMP lmpediately led o 2 worldwide

convection enhancepent (2rowch phacse) which was chgsrved to stari zlmest

simuitaneously av skatdens within Yhe suroerzd zone and pelar cap. After
A5 migutes from rhe souihward furalng a locslized substerm aoneset tock place

e a § minutes long trigger

3

in the miduight seainy. The cnsst was precedod
vhasge.
The energy coupilng bacwesn golar wind and mapgnetosphers during the

the energy ceupling Ffunction

pre—subsitovm nhases uss gy

2 . ke Z T o
=V Lﬂ\¢’2“u defined by Perreault amd Akasofu (1978

LN

Soma other pava—

meners may vield eouslly goed ecnvcslatvieons {ouch as VB,, neg Baker et zal.,

1351}, but here we will concents s £. In thils particuiar avent the e

% ; s y i e
vaiues appeared to be above the subriorn lsvel {10 "W} during the growth

phase (Fig. 23). A good correlation berweer ¢ and the growth of the Joul

-

heating rate (estimated from the AF data) was found L the beginning, but

during the last 20 minuktes hefure lggering ¢ was blgh while the

]v.u

Joule heatlng rate (magnetic disturbancs) showed 2 slight decrease.
However, this decrezse was so zwsll than we can take rhs view that hoch

and the Joule dissipatice wer:z sppyoximztely constszunt for half an hour

before the comset of the sxpansion phase.



Energy going into the plasma in the plasma sheet must have bheen at least

12 ) .
18" watts that wes pives by Beikkile

Since the Joule disgipation was sbout

cenclnde that most of ths extra Eneryy

becomes more tall-like (Cawidge and Rpgtoker, 1970; Fairvfield and Ness,
1871), we are lad to the couclusion that rondiltions approached thermo-—
dynamic equilibrium, with some of tha Guergy appeaving as energized par-

ticles, and some as vagnetic energy sssocifated with the tali-~like field.

it

‘his argues against a driver process, and for the exisvence of a growth
phase of half an hoer. Similar arpuments have heen presented by Mishin

(1978) and TFalrfielid =t al. (1281)

deverthelsss, the IMP seemed to control wzny of zhe phade changes that

were gbserved in thig event. The eroweh phasae bepan wichin minutes of the

el

scuthward turning of the IMF. It should be obvious that this event wasg

o

fur view, the gouthward tuwmning 1s 1ike
¥ 1=

[N
4

infriared by the changed TMF:
throwing a gwitch ta turn en the volizge to an wnetakis electronic circuic
like an oscillator, or a fiip~flop. 1In fact, we believe tha: the firat

pert of the crigger phase waa dependant on laternzl processes guly, and a

&

substorm onset would have occurred smon aftar,

However, during the trigger rhase ihere was a dacided change in the
IMF, with a northward turning (Fig. 23/ At the same time there was a
change in auroral conditions within tua trigger phase; this is shown most

clearly by Figure 7 of Pellinen et al. (1282}, by Fizuce 3 in this paper as

a complete stopping sf the electrejet
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8 as an abrupt reduction of Xeways, especially in the lower curve. Thus,
we feel that the approaching ousst was praempred by the IMF, and the onset of

the expansion phase b immedizeely.  Such an effect has been noticad before,

and was given theoretical justification by Galsev (197¢),
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rent sequence of events was

An entirelv diffe

{private

observed by Sauvaud

communicaticn )} for the event of 4 March 1979

& Treilhou

at 22 to 23 UT with a

similar variation in the IMF. In their case the 1MF also had a brief northward
excursion, but ouly 2 minor perturbation in the plasma sheet was observed. The
IMF them returned tosouthrard for 30 aiocutes, and the unset was ohserved during

this intervai, 20 minutes afroer the unorthward

the conditions in the pilasma

One
events; one nieeds betiter statlstics. However, e
even a single event, if it is well enough
information about some wore universal mechnisms.

these mechanisms and to get a fi

external triggering the problem has to b=

Substorm Triggering

The theory by Pellinen end Heikkila deg

present analytical details of the triggering mechanism itself.

asymptotle behavior of cross-tzil curvent during

turning.

sheer were pot r=zady for

studied more

Apperently in that case

a breakup.

gshould not make too far-resching conclusicons from the data of & fey

cannot avoid the fact that

treated, may provide essential

Hence, in order to recognize

nal answer to the question of internal or

extensively in the future.

ribed In this paper does not

Only the

growth and trigger phases

i1s described aftar which rha treatment Jumps directly to the onset pheno-
mens. Tallward flow of plasma Is talen as an initdal observation; the
causal relation to the teiggaring moment is not given. All theoretical

argumenis are supported

by obscrvations zs cam be seen in the previous

Sections. The existence of an Inducad elecrric field at all stages of
substorn development is suphneized in the theory .
The so-called tearing mode instebili: ¥ (e#.g. Schindler, 1974;Galeav,

1979) appears to be a prowising cand

triggering. Recently the

1891

et

{Birn and Henes, ; Terasaws, 1%81) have been

borween work and tha

iy

these show wome interesting

the basic philosophies betwean these *wo theories

The wmain shortcoming of some ecarlier tearing

studies of exploaive tearing

idate to explain the substerm

mode instability

develeped te the point

Hi-based tearing mode

1
comaen features, even if

are quite different.

wode instability studies



pare and

They asgumed plzama sheot thickening tows:

n

aud found that the rec
Increased piasma flows

3

of the enhancad
iine 1s found to be a

directed strong flow.

line where the cross—tail electric

and Hones did obtain

tiona, and

model an a firm basis,

aggumed that the flowi

ta form 2 styeagrhenin
the induction electric
the induction electvic
the wms
and aB8¢ 1
juation 3.73.

Hiwm and YHones

gual treatwent.

ragisi

tailward ¥ = B

$81) aziso found

—ha-

fince the asture of the subsbors

-

thrae-dimengionzl, many of the well-imows substorm

Heve wa will com~

wlth our resuiis.

t flanks oi

~ds the

the tail,

onpection region Is limived In the vy direction.

are observed bafare the vantral liuss form bhecause

ivicy they az vhelr model. The neutral X-

dividing line bztwesn the reglons with oppesitely

Also they found that the R-live is the only neutral

field Increacesz to large values.

Induecrive electriec Fields in their ecaleula—

drift In reglons of northward B,. This puts our

sinece we agsumed such Flow at the outsat. We alse
ng plassa would carrvy the eroas-tzil curvent with it,

g meander. {iith these assuwpiicna the properties of
fiald ave clearly elucldated. We take the view that

Ky
Jde
0
Yt
[ 9

is ths drivir drawiliyg

Y

gnatic fleld (this is obvioua sinc: 3(84/2p,)/ 9t ie
8 the source of the Ilnduc electric fiaid by

finld=-aligned survents with the game

sense ag region ¥ currents {iijies zad Poitemva, 1975) as an oulput of
their calculavians. The scurze veglon of these currents differ from our

mode]
while
Thus, their

intn field-aligued

a0

TOwm our antlian

3 the

4]

field

alignad corvents

01 an v irhwaod ald
& reglons mapeivg o the tallward side.

oz d@ not le2d (o 2 diavuptlon of the rall current
L. This feature in thelr wodel ig quite distinet
. ing L .
E K7, in our wmodel gives the correct sense of the
» with the cloavrs curveas bailpeg a Cowiing-typa chan=~

However,

Birn
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nel formed in the ilonasphere.
According to Birm and Honee (1381) the regions svound aeuviral limes

zgawa, 1981Y that move

1

forwe mugnetic islands (plaswolda) {(=ea zlso Je

tallwards with high speeds. We have not studled this agpect iz devall since

.—Jn

our wodel is valid omly for the very few seconds following the omeet.
However, our magnetic bubbla does grow In size, becsuse B x B drift is
explosive (Heikkila and Pellinen, 1977, p. 1612). 1In addition, the net
force om the plasmeild is cutward due to a repulsive force F = ~uvVB away

from the earth (see p. 1613).

Farticle acceleration near magnetic neatral Iines

In our wodel & coatinucus neutral line of beth ¥ and O-type 1s formed

in the neutral sheel reglon. A type of geometry was suggested by

Vasyliunas (1976). In both models the arez zurrounded by neutral line is
growing as the substorm disturbaace procsedsa.  In our model zll neutral
lines play an impertant role in the particle energization wechanism. Local

E~flelds are especlally stromg along the X and O-type nsutral lines in the

i

crogs—tall direction. The E-Ffield is directed from dawn to dusk along the
X~-line while (long the O-line the dir.ction is opposlte . This leads to
gome asymmetvies in the sroduction of high-enevgy particles.

In the literature {(mainly in conuection sth the different raconnection

theorles) E-type neuiril line is weferrad zg the main accelerator of

charged particles. However; it may ssem reasonable that ar O-type neutral
line region i aven move =2ifective az s particle accelevator, (Stern, 1973);
magnetic field lines around an O~iine are closed, hence particles may remain

i . 4 o [T G A S - Qe (197
trapped in the buhble for 1. rotimes 0-line, according to Stern (1979),

3

keeps particles better contalned than rhe i~type lins. Like mzuy other
authors he agsumes thar the fndvctive T-iield is a large~gcale ane
o |

extending over the magnetotail from dawn to dusk. He considers only Yinear

acceleration along O-iine which means that unresgonabliy high E-field values



have to exist along the line to produce pariicles im the MeV range. This
problem was puinted out by Vasyliuvmas {1980) whe chowed that the integral
of the electric fleld slong the full length of the G-line cannot exceed a
ralue equal to the cross-tail potentlal derived by Alfvén (1%68). Herce
the maximum energy which cau be gained by a charged parcicle that drifts
aloag the full length of the O-line 15 not much larger than the energy of
particles drifting through the msgnetic field reversal in the neutrral
shest.

In fact, Stern (1979%) assused an cleciric field in the ssme senge 48

the curvent; when the iaduction electric fieid is taken inta aceount that

sense 1s not correct. Instead of baiug a load, the current now becomes a
generator. The seuse of the YV x B forces on runaway particles is such as
to disperse the particles away from Lhe U~1line, vather than to focus them
as stated by Stern. Thus, it appears trhat a meving JO-line is not an effi-
clent sccelerator, uwalike an X~line where a few particles are accelerated

to very high energies, in agreement with Birn and Homes (1981).

o
o
Fa

Teragaws and Nishlde (1976) resportad thac burst relativistic
electrona ave nearly centered at the focus of the magnetic loep strTucture
where the pel .rity of By turns from iorthward to scuth. ard. They Inferred
that these bursts of relativistic elecirons are accelerztad oo the nautral
line (O-type or X-type) conmecced to the magnetle loop structure. These
authors accept the view that inductive F~fieids are Involved, but as
Hishida (1876) reported zlectric Flald values of 80 amV/m are requirad to
accelerate electrons up to 0.5 4eV along a 1 g long Gtr;ight line. A4n

ghown earlier, such values arve unphysical and lack experimental evidence,

Quite a few rheoretical and experimental papers have been written om



—67-
induced E-fields (sce e.g. veview oy Kim ed al., 1979) but they all predict

or report E-fields that are voly 3 Sow uV/w (less than 10 mi/mY .

toa acceleration as the nain mechenism

Combination of lilnser and becs
for high-epargy particle producticon in eclar (lares has beeu proposad by

Bulanov and Sasorov {1875). Their mechanism is guite the same ag ours:

locslized Inducad E~fieldas ap

non-zdlabatic linear acs

the line. Tha high wmaznetis wowent vilve; induecion field geometry snd
rotarional property of the F-fieid lesds to powarful adiazbatie acceleration
of the particle. HNa high E~fiald values are required, the geowetry Is as

{or even more) imporiant

Substorm curvent sysien

As the last tepic im the Liscussion section we return back ro the
gubglovm curvant circuls Ag snewt ir Sectlons B and © the vaderscanding

cangidarably since the starl of

of the gubsiorm correans

repart. Boumichaon (1982)

e

summarized the prescnt atalus oo thiz field and gave an impression that

current gystems related to substore auroTes ate well lnown o sday Howaver,

thare still s.ems t¢ ha ar leust ons «ap in kaowledge, 1 gap that is impow-~
fant for the Pellinen aund Belkbhils euhbsters mecnanlan, and that ig: What

gare Lhe carriars of “he downward flald-aligned current above the Loarspheye

durflog the f few winutes afizr subsrors AR atased by Fellinen

and Heikkila (L278) protons are :much slower -han electvons; and heace pro—

tong cawnnct coutribuie teo Che dowaward field-alignsd curvent lmmazdiately

after the onset. FHowever, the ruuatevclockwige and clockwise DEC loops

(relatad to upward apnd downward fielde—all geed caurrents vespeciively,



Saction 2} start to dev:

o
fal
i)

gluvivaneousiy which meszns that there nmust be

additional cuvrent carviars invelved in order o9 maintzin current halance.

.

Opgencorth er zl. (1930} threw somwe light to the above dilezmma. They
studied thae develomment cof the 486.1 {Hp) and £30.0 wr smission lines (Fig.
24) in the region of clockwise DEf-vector retzcion. The excitation moments
of the two emissions became appromimately comparable by shifting the 630.0
nw curve 110 sec towards earller times according to the avaerage delay ino
the emissilon of this particular wawelength. ¥Fig., 74 ahows that the rise In

the Hz ~emisaions is praceded by z shovilfved peak of red anroral emission

1]

i

+

which certsinly is related to the subslorm oneei. The entirs photometric
data set (mot shown hare) reveals that, in contrase te the By —emigslona

this pesk is ar the observing site (Rirups) only seen frow 40° e 90° N

H

H

5

levation. If one cowpares thie obsevvarion with DEC vector rotations

It

.

(Saction 2) it geems £ othe red emlssions are rvestricted to the {nitial

o]
th

[

158
ot
.

area of downward TAC whil:

award FAC whioh hae cleervly

in tiwe and lvcztion to the Finsl avea of

widened and spread out Further o tha scuth.

According to B end Restoker (1877), and

Klumpar (137»), the downward equivalent curveni is carcied to a large
extent by upward golug lonospheric siectrouz of lower enpergy.  Henes, the
photometer observations togsther with the ground slgnatures of localized
Aownward FAC zive rise tc seme guescicns. It msy be possible that the red
auroral emission that vsually come from heights greatey thea 200 lon

{Vallance Jones, 1976) have In thig case been axncliied by upward going

cleztrons. If thls happess to he the cuce, it would suggast that the
necesgary upward dirvocted fleld-alipmed sc eleraticn mechanlsm for



ionogpheric thermal electrTons is Telated to the positive charge of the
cloud of energized protons arriving from the magneiostall, for the red
yealt 1s ohserved to decresase when the protons arvive a2t the

ionosphere, In sowe cases the dovnward current may be due to runawvay

(ﬂ

electrons, implying 2 voltage drop of several tens of voirs aiong

tonospharic field lines (Xlumpar and Heikkila, 1982). However, Lhe answary

to these quescions has to be postpe
are available.

In gummary, we belleve rhat a2 substorm is cawsed by the escape {or
attenpted eagcape) of plasme that is belisg strosgly energized in the
plasma sheet, plasma on closed fieid lines contained by a magnetic bottle.
That such an escape is likely to occur follows direcily from the virial
thecrem of plasma ohvelecs, which shows that no self-containment is posaible
{Schridt, 1976). A reverszl of the eieciric field must be invoived far
reversed E x B drift, and that reversal can be accomplished by am outwarc
meander of a ercas~tail currtent filament. Such a wmeander can be caused by
an lon-tearing mode inscability. Tt certalaly is not reconnection, since
there 1s initialily no magnetle meutral line. The ackiown of the induction
electrde {leld Is explosive, =2ud doe: lead to formatior of a neutral line,
a natural accelevator for cosmic plasmas, and an escaping plasmoid. The
various features of the auroral breakup follow immediately {(at least in
principle) from the changing slectromagnecic field. The complication iz
only 8 quantitative one. We present ocve final figvre (Fig. 25) which
shows an 1515 photograph azbove compared te ground based observations balow,

in complete agreement with our simple ideas.
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FIGURE CAPTICHS

Fig. 1, Schematic diagram to illustrate the development of the auroral
substorm. The center of the geocentric circles {8G and 60°) is the
geomagpetic pole and the Sun is towards the top of the diagram.

The directicns uf movemant of the different auroral structures
are indicated by arrows. (Montbriand, 1971)

Fig. 2. Typical development in auvoral abserption during substorm growth
phage. Absurption decreases at Kevo while it increases at lvalo
indicating southward movement of the region of high-enerpy precipitation,
which is mainly located on the equatorward side of auroral arc. The
three vertvical broken lines indicate different stages of the
substorm trigger phase.

Fig. 3 Southward moevement of auroral arc, pealt high~energy precipitation

and westward elecirojet center prior to substorm onset at 2102 UT.

Variati by the IMP-8 spacecraft
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are given in the upper vight corner. Vertical broken lines indicate

the trigger phase.
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Toral equivalent current vectors at gtations within Scandinavia

befere, during snd after the erhanced convection interval {2030-

2100 UTy. Yhe zgeivalant currenr vectors originatse where tna

corrasponding magueilc disturbance was cbsesved; squares and crosses

dencte neganive and posivive 2 perturbations, respectively.

disCrete avroval fomas ave indicated by solid lines (Pellinen et

al., 1982y,
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ng the optical auroral

fading prior to activation. This is the sevies of fipures in which
& ik

we identified this phaenomeunsn. (The photographs were taken on the
Alrbrrne Tonospheric Observa ovy; cuurcesy of 7, Whalen of the U.S.

Air Torce Geophysics Laboratory.)

Changes of X-rav counting rates around
were recozded by three balloocus (i, 2 and 3)

{Pellinen

The YRT axis is parallel to the time axis, a

upwards. The origins of the current vectars

are gpaced relative o rheir ¥x,. coordinates
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and Heikkila, 1978b)

The data

located in the regiom

in the Kiruna

nd the Xy axis is positive
for one Instant of time

- Also shown are phote-

at the relevant cimes.

selected intervals during

the early time of the substomm development. The wertical omponents
ave shown seravatelyv in the lower panels by izsliues co oslputed from
the values recorded at the c¢tations The aurorvae at 2223:00 UT in
the central and Z226:00 UT in the right panel are indicated by solid
curves and shaded areas with iatensity scalivg. The approximate

ft (Opgenosorih e 3]

DEC vectora 90 5 oad 10 7 afrer s
de vmlnpmenf of "the counterciochwig
the clockwisz Toop deveiopment occ
aprroximata centres of cable-tvpe

tne panel to the right

in the panel

ibstarm coset ar 2118:30 . The
e Ioocp lagted Y0 & while most of
vrred between 20 & and 210 s. The
finld-alignec purrents are given in
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Fig. 9 lrregularity :0rey vectors recorded by the S1

in the region of substorm onset. (Opgencorth et al

Pig. 10  Ernergization by curvature drifc is proportional to cross-tail current
density tiwes the total electric field. This csn explain inverted V
eventg, and several other featuras of auroral arcs. The sheet~type
structure of a quiet arc can be expiained by a current sheet piach.

With rapidly changing curreat rhere will be an induction electri

)
(v
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as well, but for quisscent arcs this can be ignered. {(Heaikiila,

Fig. 11  Neutral sheet current with rectangular disturbance. The current densicy
is depicted by the spacing of the currvent-flow lines. The disturbance

increases linearly in emplitude and size. (Pellinmen. 1975a)

Fig. 1Za Meridional compouenis B and & of the magnetic field produced by
t ¥ i 3 p
and b the disturbed J  current. (Vellinen, 1979a)

Fig. 13 Changes in the magneii structure at v = OR . The individual

< = F
field lines have been tracked by computer. The dotted lines indicate
the growth of the disturkance. The development of the X~ and O-type

neutral peints is clearly shown on the tailward side of the distiirbance.

ellinen, 1979a)
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Shapes of X-type and O-type neuvcial iines in the ecuatorial plane

153 seconds after substorm onset. {(Fallinen, 1979L}

Fig. 15 E  and B depicted when 7 = ] RB_. The outward shifrcs of the field

2 and b maxima are due to the expansion of ihe disturbance. (Pellinen, 197Ga)

Fig. 16 Polarization currents J due to changing electric fields in the
nautral sheet and due to T, along magnetic field lines maintain the
magnetespheric parl of the three-dimensional curvent oircuit agsociated

with the substorm expansive phasa,



Fig. 17 Paths of two protons and two &l ctrons, starting with typical plasma

sheet energies near Lhe U-and % cvpe neural lines (shown as a

of the growiug discurbance.

one glectvon would invelive an cunergy gain ni only 5 keV

with the actual gain of 75 keV For “he tortuous pathz the difference

s due ro the electromotive ferce of Che ipduced electric Fielid.
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(Pellinen and Heikkilsz,

Fig. 18 Kinetic enevgy and the first relarivisiic invariant for an electraon

e o N e S L i £ e o = 4 z
starting near the U line, for a much faster riate of change of the

magnetic field of 2.5 aT/s. Linear azcceleration to a point A result

1413

in a large magnecic moment, after which drifc and gyrobetatren accelera~
Blon can boost the evergy by 1 or 2 orders of magnitude, (Pellinen and

Heildki la, 1978s)

1g. 19a Energy contours for electrons and protons haading toward the sarch.

1y

195 The enevgized electron flux at h gh letituvdes would produce the pure

electron excited aurora in the westward traveling surge in an auroral
bre. k~up. A cyclic pattern of precipitation ould result, as is
{Pellinen and Peilkkila, 1978a)
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spheric electric field vectors (midd
auroral struccnres lower panel) before, at the start of, and during
the peak develeopmenr of the asuroral activation. The eguivalent

curvent vectors originatas where the corvesponding magnelic disturbance

was abserved; squares and crosses denote negative and posirive Z

perturbations, tespectivaly (Bavmjchany et at., 1981)



Parameters of the model currant systewm and rvesultant eguivalent

ps

currents on the ground for the initiel brightening of the aursra

in

2119:00 UT: &, height- ~inieprated Hall {square} and Pedersen (cross)

concuctivities: b. ionospheric electric fielde: c. 1eight~integrated

ionosplieric currents; d. upward {square) and downward (gross) directed
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magnetometers from the field-aligned currents only., G: Same as I,
but fer the horizootal currents only. H: Tetzl equivalent current

paltern
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efoal., 1982)




]
o=

Photometric reccrdings of the photomater in the region of downward

field-zligned current for the vavelenpths 486.1 nm {HF) and 630.0 nm
-}
(red 0.), with background subiracted, for a repraseutative elevation

-

e s ST i s, 1 b
angle of 757 N. The origina. curve fer the 63'.0 oum line has been
shifted 110 s back in time to correspend to the exeltation of the aurcra

rather than its emission. The peak in red emission is followed by

enhancement in HB, {Opgenoorth et al., 1980)

o

I818~2 photograph of an aurovel breakvp on 22 December, 1971 and

g schematic drawing produced by Fuluaisii (see Fig. 1%b) on the
basis of ground-based observations. {Courtesy of C. Anger,

Universicy of Calgary)
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TRITA-FEPP-82-08 15 487539
Royal Institute of Technology, Department of Plasma Physics,
§-100 44 Stockholm, Sweden

INDUCTIVE ELECTRIC FIELDS IN THE MAGNETOTAIL AND THEIR RELATION TO
AURORAL AND SUESTORM PHENOMENA

R, J. Pellinen and W. J. Heikkila
November 1982, 111 pp. incl. ill., in English

The paper reviews the importance of inductive electric fields in explaining
different magnetospheric and aurcral phenomena during modevately and highly
disturbed conditions. Quiet-time particle energizatioan and temporal development
of the tail structure during the substorm growth phase are explained by the
presence of a large-scale electrostatic field dirvected from dawn tc dusk over
the magnetotail. Comservation of the first adisbatic invariant in the neutval
sheet with a smail value of the gradient in the magnetic field implies that the
longitudinal energy increases a2t each crossing of the neutral sheet. At a
certain moment, this may resullb in a rapid lccal growth of the current and in
an instability that triggers the onset. During the growth phase energy is
stored mainly in the magnetic field, since the energy density in the electric
field is negligible compared to that of the magnetic field (ratioc 1:107).

An analytical model is described in which the characteristic observations of

a substorm onset are taken into account. One majer feature is that the
triggering is confined to a small local time sector. During moderate
disturbances, the induction fields in the magnetotail are stronger by at least
one order of magnitude than the average cross~tail field. Temporal development
of the disturbed area results in X- and U-type neutral lines. Particles near
te these peutral lines are enmergized ko cver 1 MeV energies within a few
seconds, due to an effective combirnation of linear and betatron acceleration.
The rotational property of the induction fiecld promotes enmergization in a
restricted area with dimensions equivalent to a few Earth's radii. The model
also predicts the existence of highly localized cable-type fiald-aligned
currents appearing on the eastern and western edges of the expanding auroral
bulge. 1It is shown that the predictions agree with sacellite observations

and with the data obtained from the two-dimenszional instrument networks
operated in Northern Europe during the Iaternational Magnetospheric Study
(IMS, 1976-79).

Key words: Aurora, € parameter, Field-aligned currents, Inductive electric
field, Magnetospheric substorm, Particle energization, Substorm current
system, Substorm triggering, ¥X- and O-type neutral lines
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