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Substorm theories and Cluster multi-point
measurements

A. Roux, O. Le Contel, D. Fontaine, P. Robert, P. Louarn, J.A. Sauvaud, and A.N.
Fazakerley

Abstract: The development of the collisionless tearing instabilityften considered as the trigger for substorms and
magnetic reconnection in the tail current sheet (CS). Yéliglhed results show that unless the number of particles

in a flux tube drastically changes via strong spatial diffnsacross B, tearing modes are stable. We review this long
lasting controversy and conclude that the collisionlessand electron tearings are stable, or weakly unstable aat b
low frequencies and therefore at the large scale whereaildirtes are expected to form. As well, tearing modes have
K. > K,, but Cluster observations show large amplitude pertwhathaveK, > K, (mostly azimuthal propagation).
To identify the signature of the breakup instability we gmal Cluster data from a substorm that occurred while Cluster
was in the CS. At the end of the growth phase, enhanced fluxBsldfaligned electrons~1keV) are observed together
with a ~1keV decrease in the energy of the original plasma sheetlatipu This field aligned component corresponds
to ionospheric electrons accelerated by an (induced) Iphedéctric field. Both azimuthally propagating fluctuatsowith
quasi periods 060 sec, and higher frequency wide band electromagnetiaufitions are observed. As the active phase
starts, the waves intensify, reaching 2nT and 20mV/m for &ifg 10nT for LF. The CS gets even thinner leaving only
one satellite inside it, which observes that electrons asdd and have variable fluxes. We suggest that electromgeat
is due to bounce resonance with HF waves. This is followed bgries of short lasting~(60 sec) magnetic structures in
By and Bz. These correspond to field aligned currents andapdipolarizations and are observed to move azimuthally.
They are associated with fast ion flows (1000km/sec), ant luitsts in the amplitude of HF waves. This data analysis
suggests that HF waves produced by bouncing electrons, incagasingly thin current sheet, interrupt the currengreby
producing a local dipolarization and the correspondingflow bursts. This is consistent with the CD model.

1. Introduction evant to the two kinds of instabilities. The two models have

. . imilarities. For instance field aligned currents are elgukc
b During ‘;’#bSt_cl’_Lm grO\{vth Pgafe’ the taul;grrent sheeih(CSSO develop in both cases. Yet their characteristics alserdif
ﬁcomesd n. dde an ris etween a St thQTn) Igrow . For instance, the tearing instability has to produce a abati
phase and a sudden breakufinn) suggests thata plasma in- ., ation in the radial direction (Kx), while instabit in-
:T'_tﬁb'“ty plays the mgjorrole qfatngg((ajnn substorhm dNymEHTé é‘olved in CD/diffusion should produce an azimuthal modu-
e two primary and competing paradigms are the Near-Eartf), . : o :
Neutral Line (NENL) and Current Disruption (CD) models. tion (Ky). As well, the instability mechanism must develo

. . ; . n a time scale consistent with that of breakup. In section 4
In the NENL model the filamentation of the CS is associateqy o resent Cluster data from a substorm that occurred while
with the development of the tearing instability, leadinghe

formation of neutral line(s) in the mid-tail (20-30 Re) amd t Cluster spacecraft (s/c) were located in the CS, and try {o de

subsequent fast flows. Earthward of the reconnection site (><termlne what modelfits best with the data.
line) the flow is directed earthward. Braking of these fastflo
as they approach the dipolar region can result in a dip@ariz
tion, in the near Earth plasmasheet. This dipolarizatiduin
propagatestailward. In the CD (also called diffusion) msje In most recent literature, it is assumed that the X-line(s)
the dipolarization results directly from the developmeinam  structure(s) can be formed, either via tearing instabitityby
instability that reduces/diffuses spatially the tail @nt (Jy).  suitably controlling external conditions (forced recoatian).
Later the dipolarization may expand radially, thereby aays A particular emphasis has been put on the potential role t#f Ha
the reduction/spatial diffusion of the currentin a broagiea.  currents in a situation where the current sheet is very gun,
In this type of model the formation of X-line/point can be the that ions are demagnetized. Yet in a real situation, how ex-
consequence of the dipolarization instead of being its&aus ternal constraints could lead to the formation of an X-lige r
In sections 2 and 3 we review theory and observations relmains unclear and we do not know how this X-line could re-
main quasi-stable for quite a long time. On the other hand the
Received 24 May 2006. tearing instability is known to be a viable mechanism to form
X- line(s). A reversed magnetic field configuration is indeed
A. Roux, O. Le Contel, D. Fontaine, and P. Robert. CETP-  gource of free energy. Tearing modes have a negative energy
:3%6%';?2\'( 1F0|i11A2NgV§“UG de 'Europe, 7814&INZY- VIL-  and can therefore be destabilized via a dissipative protess
' collision dominated plasmas, collisions ensure this gag#n:
P.Louarn and J.A. Sauvaud. CESR, 9 avenue du Colonel Roche, the tearing modes gre therefore unstable, and thgir develop

BP 4346, 31028 TOULOUSE CEDEX 4, FRANCE - - -
AN. Fazélkerley. MSSL. UNITED KINGDOM ment leads to the formation of X-lines and O-type islands. In

2. Can tearing instability produce spontaneous
reconnection in collisionless plasmas?
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the Earth’s plasmasheet, some form of collisionless dissip cannot be used to investigate spontaneous tearing modss. Mo
tion must play the role of collisions. [4] suggested thatelin  recent simulations take into account Hall effects, which ca
Landau damping for this, which can work provided there is ngprovide collisionless dissipation, in the Ohm’ s law. Fllin-
normal component. It was soon realized that even a small Betic 2.5 and 3D simulations are now used to explore the nature
stabilizes the electron tearings. Indeed the presence oita fi of collisionless dissipation process (e.g. see [7]). Caingu
Bz modifies electron motion (they are magnetized) which retime constraints, however, introduce serious limitatiohise
moves the Landau resonance and the corresponding collisioformation of X-lines is forced by external conditions, omsi
less dissipation (e.g. [6], [9])- ulations start with a Harris sheet (with Bz=0 and thus no-elec
Schindler[18] suggested that ion Landau damping (associtron bounces). Even in the cases where the modes are allowed
ated with unmagnetized non-adiabatic ions) could provigde t to grow spontaneously, constraints on computing time aed th
dissipation required for tearing instability to developowt  dimensions of the 2 or 3D simulation boxes are such that elec-
ever, he assumed that electrons were cold (Te=0). [10] havieon bounce motion cannot properly be described for réalist
shown that with finite Te, the energy associated with electro ion to electron mass ratios. Thus, different simulationapar
compressibility is larger than the free energy availaldefthe  meter domain and boundary conditions lead to differences in
reversed magnetic field configuration. Hence ion tearing canthe predicted development of the tearing instability. For i
not develop over realistic distances. [10] showed that < stance while [22] concluded, from kinetic simulations ttioa
(72BoH/2B,,) is a sufficient condition for stability. Herer  tearings are unstable, [16] concluded to stability irresige of
is the wave length of the tearing mode, H the CS thickness, andi/Te.
B, andB,, the lobe and normal magnetic fields. For an already Inclusion of Hall terms is an important improvement, but
thin CS (L~2000km), andB,/B,, ~20 we getL; > 30R., they are not sufficient to describe important kinetic efect
which is still much too large. Furthermore the WKB domain is Furthermore it is not clear that kinetic effects are limited
limited by & > (B,,/HB,), and hencd.r < (2rB,H/B,,).  asmall diffusion region at the electron scale {ifew km). In
Combining the two inequalities we find that there is no parathis paper, we discuss the possible role of electron bowgse r
meter space for ion tearing instability to develop. Thib#ta onance, which has associated dissipation that occurs ktrthe
izing effect, called the electron compressibility, is tkto  ger scale of the CS. The electron bounce perid)(is com-
the strong magnetization of CS electrons. In order to pveser parable to the proton gyroperiod in the lob&g;( ).

charge neutrality ions should follow electrons, which rieggl In order to identify the dissipation mechanism, simulagion
more energy than available in the reversed field configuratio runs with initially closed field lines, where electrons cam u
Hence ion tearing instability is unlikely to develop. dergo several bounces, and carried out in a parameter regime

Pitch angle diffusion or electron stochasticity could em@  such thafl},. ~ T, are needed. Note that the rafiQ. /T +
the role normally played by collisions. It was thus suggeste depends on the mass ratio M/m which is used in the simulation.
that electron scattering could restore the ion tearing pore  Thus it is still unclear that X-lines can develop in a readist
ing the stabilization due to electron compressibility [b,This  collision-free plasma and remain stable for a long time.
idea was incorrect: it was found that what really matterfiés t . .
conservation of the number of electrons on a flux tube [14].3' Current disruption modei(s)
Neither pitch angle diffusion nor electron stochasticitpoge ~ The CD models are much less developed than reconnec-
significantly the number of electrons in the flux tube. tion models. Unlike tearing, the modes that disrupt Jy lead t
More recently [19] suggested that an untrapped electron p0|§12|mut_hal modulation. The premise is that once the CS gets
ulation could reduce the stabilizing effect associateti witpped Very thin, Jy can exceed the instability threshold [12]. ®he
electrons. [19] showed that transient/untrapped elestadm hanced Jy can be produced by a strong ion pressure gradient,
modify the stability condition (above). They showed that in @s required for the ballooning instability (e.g. [17]). @Gant
clusion of untrapped electrons introduces a fa¢gd, /7°1)2  driven instabilities can interrupt or spatially diffuseethail
in the Lembege and Pellat sufficient condition for stahility current. In the latter case the total current remains theesam
Thus it seems there is still a window where ion tearings could?ut Jy decreases in the equatorial region. This decrease in J
develop (2B, L/2B,)(3T./T;)*> < Ly < nB,L/B,). For  leads to a local dipolarization. For a full substorm the cur-
T;/T. ~ 7, and the same parameters as above, we.get-  rent disruption/diffusion expands, leading to a more dipol
6R., implying that the CS should be homogeneous over at leagionfiguration over the whole plasma sheet. The dynamics of
6Re, which is still large. Marginal stability threshold &msis  this expansion depends on the non-linear evolution of the in
showed that collisionless tearing instability is much lgsss- ~ stability and on the distribution of the currents. For a éarg
itive to the ratiaZ} /7. than expected from the criterion quoted Substorm the instability is likely to develop in the near thar
above [20]. That study also evaluated the growth rate anatfou Plasma sheet, magnetically conjugate to the equatorwasti mo
that when tearing modes are unstable they grow over a typicdPreakup) arcs, and then expand azimuthally and radialty ou
time scale of~5mn, which is too long for breakup. ward. o )
Thus, in a collision-free plasma, spontaneous reconnectio An earthward expansion is not ruled out in weak and/or
via tearing modes leading to X-line(s) formation does netise  Pseudo substorms with onset arcs at higher latitudes. édtho
to be a viable mechanism to trigger substorms. Of course thie instability mechanism is essentially the same, whatéee
formation of X-line(s) can be forced via external condias ~ radial distance, the non linear evolution does produceuift
it is often the case in numerical simulations. effects at small and large distances. Indeed at large dissan
Artificially applied or numerical resistivity determinelset ~ (~20Re and beyond), B is in general small enough that the in-
formation of X-line(s) in MHD simulations, which therefore Stability can reverse the sign of Bz, and thus the sense of the
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flow. Similarly changes in the currents can produce a negiativCS and the fit overestimates the CS thickness and underestim-
Bz and lead to a magnetic null. Therefore an X-line/X-pointates the current. With these restrictions in mind we candry t
can be the consequence of current disruption. In the curremvestigate a possible relation between CS dynamics and CS
disruption models the ion flow is produced by an inductivethickness.

electric field: Ey = —0A, /0t, where the characteristic time
: 12/09/2001 1300 — 1320 UT

is given by the time variation of the magnetic field assodate o E——— : : ———
with the dipolarization. Then the ion flow is simply given by g 2 %’%‘m‘ﬁ?v“w ,
the corresponding x B/B2. =

As alluded to above, CD/diffusion can be produced by dif- Z13F ]
ferent instabilities.T. Lui proposed that CD is achieved via _ ¢ By :
lower hybrid drift or ion Weibel instability. The balloongrin- O N
stability proposed byRoux et alwas investigated in a series _oE M
of papers, based upon MHD, multi-fluid, and kinetic approach *;é,
[13] concluded that ballooning modes are generally staifide < Wgé: Bz
[11] concluded that ballooning modes are unstablefer1. OWWW
From a kinetic description carried out in a regime where both B '
ions and electrons are non-adiabatic, [8] concluded that ba & 20F Ey
looning modes are weakly unstable. E oF i

Given the short time scale of CD (and substorm breakup), “2°F
[15] suggested that the “high frequency?{ Hz) waves they 4 |29°F
observe together with lower frequency60s) ballooning modesg 50k Vx
can disrupt the parallel current associated with the mdidla o o a0
of the perpendicular current (Jy) by the ballooning modes. | _ ~388 5=
the current sheet becomes very thin Jy has to be carried by -200f WWV\NN
electrons (see next section). Then high frequency waves cah goc VY
act directly, disrupting Jy, as will be discussed later. 7838
4. Comparisons with observations s 125 Jx M

It is not easy to find tests that could be applied to determ- =~ ofF——"_|
ine which model fits best observations. For example, thé-exis _ BE
ence of a quadrupolar By is a candidate signature of a nearby$ ?2: Jy
diffusion region associated with an X-line. In fact this &in £ %w
of signature can also be produced by the field aligned currentmoogf
associated with the development of the ballooning ingtgbil . soooE
Here we discuss tests that can be applied to Cluster data toSo0e H WJ\/\\\M
discriminate the two types of theories. In particular, the d zgog;f\—”‘ﬁ
ection of the spatial perturbation. Tearing like pertuidrag = oE
correspond to radial modulation and therefore are characte : F s o
ized by kx(kx > ky). On the other hand ballooning modes ¥ _.&

i = T L |- L L TR L

and current driven instabilities are characterized bydédtg
(ky > kx). Thus a Hall structure should be essentially in-  13:00 13:05 13:10
variant by translation along the Y, and its magnetic S.'g"atu Fig. 1. Cluster filed parameters for this event. H and Zo are
should be observed on By. On the other hand an azimuthally,o ~s thickness and center respectively. The two verticas
moving perturbation (ky) ShOUId lead to an aZImuthaI mod_ula bracket the filamentary magnetic structure~t3:15 and the
t'c.m of Jy and hence, via divJ=0, to localized f'_lamentaryjf'e' associated local dipolarization (see end of section 4).
aligned current structures. The passage of a filamentarg-str
ture shoyld prpduce simultaneous perturbations on the By an Before 13:04 (not shown) the CS thickness decreases from
Bz. We investigate a substorm that developed on SeptembglOOOOkm £o~3000km Low frequency (¥5mn.) oscilla-
12, 2001, while the 4 Cluster s/c were inside a relativelgkhi tions are observed in tHe cS bl?t Ey gnd Vx rémain steady
current sheet (CS) fordSmn. A negative bay W‘_"ls observed_at and very small. Jx is negligible while Jy increases from 3 to
Tg(' at 13'10kf0k".0\|'(veq by a .F]Z;)S']E'Ve fg{gt 13:15. Weak Pi2, 8 nA/m?. The ion velocity, Vyi~100km/sec, is sufficient to
observed at Kakioka, intensify after 13:10. ’ ! - ' .
Fields: Figure 1 shows relevant Cluster data. The s/c wereigt%trhz vg:esstvvea:;dvce:l;rr?hnigl Ilgé%%rfmlbrp%ngei?nig'gﬁland
located near midnight LT, at19Re. The distance betweenthe _, 2" -, ir?side it Hyendé ~ p;, the ion Larmor radius iny
s/c was of order 2000km, with s/c3 at a lower Z than the otherst o " :
; . ' : e lobes. Larger amplitude, shorter peri@d{100sec) fluc-
Estimates of CS thickness .(H) and the Iocat_lon of CS cente uations togetgherwitt?HFfluctuationsp(tS)E aﬁszB) ar)e ob-
(Zo) basded ﬁn f't‘; to a Harris sheet are also mc(lju_f(?ed. The f"t\%erved banel 4 shows electric fluctuations Duriné thigoger
are good when the magnetic components are different at the_.",~ . L
. L Xi (panel 5) seems to increases, but this enhancement can be
4s/c, and Bx different from Blobe (the s/c are inside the CS)'due to the finite radii effects in a very thin CS, as pointed out

As well, between 13:09 and 13:15, only one sfc is inside th%y [21]. In any case the estimated Vxi remains relativelylsma

13:15 13:20
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Vi (panel 6) becomes negative, thus the Jy current, which i
positive and enhanced during this period, has to be cargied k£ . ™™
electrons. The large negative values of Vyi can be due to a
electric field Ez, pointing towards CS center (e.g. [1]),@r t *
a finite radius effect (e.g. [21]), or both. During this pefio
the interspacecraft distance is at least the CS thicknedssso
likely underestimated, hencé, > 10nA/m? (panel 7) and  _
J, > 20nA/m? (panels 8). The increase in the current dens- © ..
ity Jy and the decrease in the CS thickness are approximate ;
consistent with conservation of total current.

Between 13:15 and 13:20 large amplitude fluctuations (
100 sec) continue to modulate Bx, but the amplitudes at th:
4 s/c are similar and Bx decreases, indicating the CS is thicl @
These structures correspond to fast ion flow burst000km/sec) &
around 13:15:30. Examination of the ion distributions @adi
ates that we are observing ion flow bursts (see below). Larg
amplitude high frequency (HF) fluctuations{B.5-2nT, E-5-
20mV/m) are simultaneously observed (see panel 4). :

During the thinning of the CS (13:04-13:12) the s/c3 Bz ;
componentis weak and often changes sign. The s/c3 By con -
ponent increases and becomes very different from By at th
other three s/c. Thus By depends on how deep the s/c is in the
CS and so does not does not correspond to a uniformly a
plied guide field. During this early period the variationBf

are smaller than the variations of the other componentss Thu . S .
the current density is essentially invariant along Y. Betwe Intensity fluctuate. This initially very low energy poputat of

i ) : 1o 1. (presumably) ionospheric electrons gains about 1keV. Betw
13:12 and 13:188| is very small around 13:12:25, 13:13:00, ~13:12 and 13:15 the electron energy suddenly increases at

and 13:14:15. This near cancelation does not correspond ts%3, but the flux is highly sporadic. Simultaneously, the en

a particular ion acceleration. Indeed the electric compbne : .
. : L : ergy and flux decrease at s/c 1,2, and 4, suggesting they are in
Ey changes sign simultaneously, which indicates that @bect the BL. Hence, the CS is likely even thinner than during the

and magnetic fluctuations correspond to low frequency ﬂucbrevious period
tuations propagating essentially eastward (they are sestn fi .
at C2 which is located to the west of the other s/c). After The energetic electrons observed on s/c3 correspond to a

: : o bursty electron population accelerated in the near ediaator
13:13 (in part_|culaﬁ41.3:15:30) th? variations of Bz and By are r gioﬁ. Betweenplg:15 and 13:19 the bursty electronqaeceler
co;nlparable in amplltudtla: ahnd su'lnu_ltangous;ftheyEclg\;\;e(stongion continues, but now on all 4 s/c, suggesting that the CS
to filamentary currents. Full resolution data from ig- " o - . :
. . as expanded irregularly. This is confirmed by an increase in
urel, panel 4) and STAFF (not shown) give e\(|dence for larg just gfter 13'209(not ghown in Figure 1) A)\/fter 13:19 the
amplitude (5-20 mV/m, 0.5-2nT) “HF” fluctuationsc(LOHz). : : i

These fluctuations are confined in the CS, but they are not lo(]:e_lectron flux on the 4 s/c is more steady, less energetic, and
alized near the quasi-nulls in the magnetic field. sotropic, again indicating a typical electron plasma shiee

Electron Dynamics: Figure 2 displays PEACE parallel elec- summary, as the CS thins, we observe first an accelerated iono

tron fluxes over a longer time period. Before 13:04, the ener-Spherlc electron population merged with a deceleratednaias

getic electron (few keV) flux is about the same at the 4 s/cSheet population, and then, as the CS gets even thinnety burs

consistent with the CS thickness being larger than the—interaccelerated electrons.

spacecraft distance. Low energy, quasi- monoenergetic ele5. Discussion
trons (up to a few 100eV) are sporadically observed along wit  op September 12, 2001, Cluster monitored the thinning of
the quasi steady energeticfew keV) plasma sheet compon- he CS. From 13:04 to 13:12, as the CS thickness decreases
ent. This low energy component is only observed in parallehngzr ~ 5, an initially low energy electron population shows
and anti-parallel fluxes and the variations in the energfes o, These electrons are accelerated up to 1 keV and their flux
these two components are in antiphase. After 13:04 the gnergs very large, at least at s/c3, which is closer to the equator
of plasma sheet electrons decreases at all s/c, but a comipong he |ack of significant signature at s/c 1, 2, and 4 indicatas t
with a very low initial energy is observed on s/c3. Its energyinis accelerated electron population is highly confined tiea
increases up to 1keV as it merges with plasma sheet electror],%agnetiC equator. Electrons are, however, field alignetielf
Figure 3 shows s/c3 antiparallel, perpendicular, and f@ral \ere accelerated in a diffusion region near a neutral line, t
electron fluxes from 13:00 to 13:20. Around 13:04 (first Ver-By signature should change sign as Bx changes sign (at least
tical red line) we observe an accelerated electron comgoneryg long as Bz does not change sign). A large By component
The energy increases from 100eV to ~ 1keV, when this s jndeed observed at s/c3 until 13:12 (Figure 1, panel 2), bu
component merges with the pre-existing plasma sheet popigy remains positive as Bx changes sign around 1308:30, and
lation. This electron structure is observed only on s/c3 Th g7 remains small but positive. Another interpretation dtiou
enhanced flux around 1keV last&’mn, but its energy and its e sought. We suggest that this initially low energy compone

qfig. 2. PEACE parallel electron energy fluxes from the four s/c
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Fig. 3. s/c3 PEACE Electron energy fluxes in 3 directions: 0
opposite (top), perpendicular (middle), and parallel ttrod to B. 10000

CLUSTER—3 PEACE HSPAD 12/ 9/2001 (255) Flux(cnts/sec)

[ L E=E
22 &

1000

is low energy electrons coming from the ionosphere or from’ o Ll 3 RS o ; ]
adjacent regions, and which are accelerated by a paradlel el 1= ajEilL;i_ P ﬂiﬁlﬁﬁi ]
tric field directed towards the equator (on both sides of the
equator), and confined in the near equatorial region. Thiklco & o
also account for the arch- shaped structures observedebefor
13:04. The arch-shaped acceleration structures obsered b
fore 13:04, however, have much smaller fluxes and reach lower oo £§ i
energies (few 100eV). They should therefore corresponial wit, o0 "y ] =

much smaller parallel electric fields. In both cases tragbec o 1 é-i L h il I
trons (plasma sheet) loose energy while passing ionospheri s - =

electrons gain energy in the near equatorial region. Thusris

sistent with the conservation of the total energy and of tfs¢ fi & o
and second invariant for electrons. Data displayed in [eigdr

and 2 indicate that the energy reached by accelerateda@isctr ‘ I ‘ I ‘ I ‘ I
is controlled by two factors: the distance from the equator, 13110 13112 134 13116 13118 13:20
malized to the CS th'Ckn.eSTQ" ar.]d.the modulation t_)y I_‘F Waveqfig. 4. Figure 5 shows the electron flux, integrated over pitch
Hef?ce the _parallel electric f|el_d is induced (no_t static) arab- angle, together with the electric field Ey. Largest Ey flutitues
S()_C|ated with the CS fllucftuatlons_. A meCh.a“'S“.‘ for the form'generally correspond to bursts of energetic electrons.
ation of parallel electric fields, via fluctuations in the @nt

density, is discussed by [3].

-40

. slc3, while Bz is small. Hence the Jx current corresponds to a

. ; o $lane sheet more or less invariant along Y. Yet, as pointéd ou
increases at s/c3 (see Figure 1, panel 4), while it decre&seseﬁ

. ahove, the By signature does not correspond to that of a Hall
the other s/c. When the s/c leave the CS, as is the case when gl];ant struct)l/Jreg.JAb13:15:4O and 13:17210 large amplitude
do between 13:14:30 and 13:15, the fluctuation level deeseas g, ations are observed simultaneously on By and Bz; their
significantly. This indicates the waves are confined to the CS;
and that their intensities are maximum near the equator. Figp,
ure 4 illustrates the relation between HF fluctuations aed-el ik the current along the X direction, not to a flux rope exten

tron acceleration. It shows the electron flux, integrateef@l 4o glong Y. As the structure is observed first at s/c2, it ig-mo

pitch angles, versus time and energy. The electric comfonef,q eastward. The same is true for the other structure wisich i
of the (<10Hz) HF fluctuationsqE) is also plotted. Bursts of 5,5, propagating eastward. As pointed out in section 4, a sim
energetic electrons (typically above 1keV) corresponditsts ,1aneous By and Bz signature, and azimuthal propagatin ar

in the amplitude of electric and magnetic HF fluctuationsi-Du gy e cted for an instability which develops in the azimuttial
ing these bursts the amplitude of the waves is very large (tyPection and leads to a cancelation of the tail current. Inuiita
ically 0.5- 2nT, 5-20 mV/m). The largest bursts occur betwee s \e observe that the CS thickens after the passage lof eac

13:12 and 13:14:30, for s/c3, and around 13:15 and 13:16, fQly\ctyre, as evidenced by large decreases in the Bx compon-
all s/c. The good correspondence between electron and wa

¥hts. For instance, the large amplitude structure obsémiyl

bursts suggests that the waves heat the electrons. Given g4 g7 petween 13:15 and 13:16 precedes a decrease in the Bx
frequency range we expect that acceleration occurs viadgoun comnanent at all s/c, and hence a decrease in the current dens

resonance. Indeed Th@sec, for 4keV, which is comparable ity Jy. Current density perturbations move azimuthallyteas
to the period of the waves. It is suggested that HF/smalescal 5. as expected from current disruption model.

fluctuations accelerate and isotropize electrons. The flow velocity remains small until 13:15. Between 13:15
During the early period (13:04-13:12) BY and large at 4 o '
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and 13:16 a fast ion flow burst takes placelQ00km/sec) 4.
while the CS thickness increases. This suggests the filament
ary field aligned current structures produce a local redaaif 5.
Jy viaV-J=0, which leads to enhanced Ey, and earthward ion
acceleration. The induced electric field Ey and ion flow Vx are 6.
linked to the variation of Jyd.J, /0t ~ 0?E, /dz*, which is

valid as long a®)/0z > 0/0y,0/0x, andV.E = 0. These 7.
conditions are fulfilled for a thin CS, in the low frequenanit.

For Jy2mA/m?2, H 2000km, and a rise time (for Ey or Vx)
t~25sec, we get Ey4mV/m, consistent with that measured by 8.
EFW. For Ey~4mV/m, and Bz5nT we get Vx-800km/sec.,

also in agreement with observations. Thus the short lafistg

flow bursts during the thickening of the CS can be interpreted9.
as a consequence of the reduction in Jy.

6. Conclusions

In a collisionless plasma, spontaneous reconnectionaia te 10.

ing instability does not seem to be a viable mechanism to form
X-lines. In order to initiate magnetic reconnection the gags-
tion is to produce a larg@A, /ot (an inductive Ey). Since
the tearing instability is unlikely to develop in a collisiess
plasma,0A, /0t has to be achieved by (fast) changes in ex-
ternal conditions, or by local interruption of Jy over a ghor

time scale via an instability. We have shown here an exampl#3.

of how a large electric field Ey can be induced by a fast re-
duction in the Jy current. This reduction is associated thith

development of filamentary current structures that canltresul4.

from the development of an azimuthally propagating (ky) mod

ulation (such as a ballooning mode), or from a smaller scala5s.

instability that reduces the currents. Large amplitudg-@nT,
5-20 mV/m) high frequency fluctuations are indeed observed

in association with the eastward travelling low frequenayc  16.

rent structures. These HF electromagnetic fluctuationsare
fined in the thin active CS. Their close association with tsurs

of energetic electrons suggest that HF fluctuations acaeler 17.

and isotropize the electrons. When the Jy current is cabyed
bouncing electrons, as it is the case for the event discussed
here, HF fluctuations can directly reduce Jy by scatterind fie
aligned electrons, and/or reducing field aligned currexts J

In summary we suggest that the reduction in the tail current
is achieved via a series of local "dipolarization” eventgtsas
the ones described here. Then the dipolarization in theevhol
plasma sheet would result from the overall summation oflloca
events corresponding to interruption/diffusion of Jy. S he-
sembles a “chain reaction”.

21.
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