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Abstract. The paper tries to sort out the specific signaturesdue to CD and to the corresponding dipolarizations which
of the Near Earth Neutral Line (NENL) and the Current Dis- are associated with changes in the current density. Yet their
ruption (CD) models, and looks for these signatures in Clus-durations are shorter than the duration of the active period.
ter data from two events. For both events transient magWhile the overalb B, /¢ is too weak to accelerate ions up to
netic signatures are observed, together with fast ion flowsthe observed velocities, short duratiéB,/dr can produce

In the simplest form of NENL scenario, with a large-scale the azimuthal electric field requested to account for the ob-
two-dimensional reconnection site, quasi-invariance along Yserved ion flow bursts. The corresponding large amplitude
is expected. Thus the magnetic signatures in the S/C frameerturbations are shown to move eastward, which suggests
are interpreted as relative motions, along the X or Z direc-that the reduction in the tail current could be achieved via a
tion, of a quasi-steady X-line, with respect to the S/C. In series of eastward traveling partial dipolarisations/CD. The
the simplest form of CD scenario an azimuthal modulationsecond event is much more active than the first one. The
is expected. Hence the signatures in the S/C frame are inebserved flapping of the CS corresponds to an azimuthally
terpreted as signatures of azimuthally (along Y) moving cur-propagating wave. A reversal in the proton flow velocity,
rent system associated with low frequency fluctuationg,of from —1000 to +1000km/s, is measured by CODIF. The
and the corresponding field-aligned currentg)( Event 1 overall flow reversal, the associated change in the sign of
covers a pseudo-breakup, developing only at high latitudesB; and the relationship betweeh. and B, suggest that the
First, a thin #~2000 kn=2p;, with p; the ion gyroradius) spacecraft are moving with respect to an X-line and its asso-
Current Sheet (CS) is found to be quiet. A slightly thinner ciated Hall-structure. Yet, a simple tailward retreat of a large-
CS (H~1000-2000 kree1—-2p;), crossed about 30 min later, scale X-line cannot account for all the observations, since
is found to be active, with fast earthward ion flow bursts several flow reversals are observed. These quasi-periodic
(300-600 km/s) and simultaneous large amplitude fluctuaflow reversals can also be associated with an azimuthal mo-
tions ¢B/B~1). In the quiet CS the current density is tion of the low frequency oscillations. Indeed, at the begin-
carried by ions. Conversely, in the active CS ions are mov-ning of the intervalB, varies rapidly along the Y direction;
ing eastward; the westward current is carried by electronghe magnetic signature is three-dimensional and essentially
that move eastward, faster than ions. Similarly, the veloc-corresponds to a structure of filamentary field-aligned cur-
ity of earthward flows (300-600 km/s), observed during therent, moving eastward at200 km/s. The transverse size of
active period, maximizes near or at the CS center. Duringthe structure is~1000km. Similar structures are observed
the active phase of Event 1 no signature of the crossing obefore and after. These filamentary structures are consistent
an X-line is identified, but an X-line located beyond Clus- with an eastward propagation of an azimuthal modulation as-
ter could account for the observed ion flows, provided thatsociated with a current systefy, J,.. During Event 1, signa-

it is active for at least 20 min. lon flow bursts can also be tures of filamentary field-aligned current structures are also
observed, in association with modulations/of Hence, for
both events the structure of the magnetic fields and currents
is three-dimensional.
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Keywords. Magnetospheric physics (Magnetotail; Plasma aimed at using data from the Cluster mission to discern be-
sheet) — Space plasma physics (Plasma waves and instabtiveen the two competing models. After some discussion, it
ities; Magnetic reconnection) was decided to focus on one of the key differences between
the two models: the distinction between the waves that per-
turb the thin current sheet at substorm onset and their role in
initiating the onset. The neutral line model is characterized
1 Introduction by variations along the tail axis, whereas current disruption

_ models are based on modes propagating azimuthally, i.e. par-
Sudden releases of large amounts of magnetic energy, preylel or antiparallel to the cross-tail current.

sumably due to plasma instabilities, occur during magneto- H the t lected th iods when the Clust
spheric substorms. The plasma confinement is lost over a ence, the team selected three periods when the Liuster

short time interval, while electrons and ions are accelerateds.p""ctehCraft obser\ied th'ln Ctl:r:etﬂt sheet. Thlrec-i |3t$rvals can
heated, and precipitated onto the upper atmosphere, whicﬂ've ree examples only, bul they were Selected 1o cover a

leads to the formation of auroras. Before this rapid heat-qUiet thin current sheet, a thin current sheet during a weak

ing/acceleration phase, the magnetic energy is slowly accySubstorm, and a thin current sheet during a storm-time sub-

mulated in the system, which leads to the formation of thinStorm' and are thus thpught to be representative for typical
current sheets. Thus the quasi-steady formation of a thin Cur[nagnetosphenc conditions.

rent sheet seems to be a necessary step, whereby the con-

ditions for an explosive release of magnetic energy are be-

ing set up. While this sequence of events is relatively well

documented, thanks to numerous in-situ and remote sen$  \odels and signatures

ing observations, there is no consensus yet about the pro-

cess(es) that trigger(s) substorms. At the present time, two _ _ _ o
main scenarios are considered for magnetotail activity releromthe data which will be presented in Sects. 3 and 4 it will
vant for substorms. Large-scale MHD simulations of tail dy- be clear that thin current sheets can be present in the magne-
namics Birn and Hesse1991 1996 Hesse and Birnl991 totail under a variety of conditions, ranging from relatively
Scholer and Ottp1991; Birn et al, 1999 suggest that both ~ quiet through modestly active to very active, strongly driven
plasmoid ejection and current reduction and diversion, de-scenarios. Accordingly we will discuss here relevant theories
scribed as the substorm current wedge (glgPherron et a). and modeling results including quasi-static models as well as
1973 are initiated by the formation of an X-line, causing instabilities related to thin current sheets.

both tailward and earthward plasma flow. The braking of the ' |n the following sections we will first present some major

earthward flow in the inner tail leads to pile-up of magnetic results from quasi-static models, then address details and im-
flux and hence a dipolarization of the magnetic fidhkg¢se  plications of the near-Earth neutral line scenario and finally
and Birn 1991 Shiokawa et a).1997 Baumjohann et al.  of the current disruption model(s). These models are not mu-
1999 Baumjohann2003 the diversion of the flow and the tyally exclusive. Rather, they may apply simultaneously, for
associated shear distort the magnetic field and build up thehstance, a relatively quiet, quasi-static, structure may exist
field-aligned currents of the substorm current wedge. Thisyjithin a propagating wave mode. Or they may be causally
model is commonly referred to as the “near-Earth neutral linere|ated: for instance, a small-scale wave mode may be nec-
model” (Baker et al. 1996). essary to provide the dissipation necessary for a large-scale

An alternative scenario, usually called “current disruption mode, or the large-scale mode may lead to flows that become
model,” assumes that a substorm is triggered locally in the inturbulent and thus drive smaller scale modes or modes with
ner magnetotail, presumably by an instability that involves adifferent wave vectors. A major distinction between the two
cross-tail wave vector componemij, 1991). Potential can-  substorm scenarios detailed in the Introduction is not whether
didates are cross-field current-driven instabilities (&g, current disruption occurs in one but not the other, but rather
1997 or interchange/ballooning modeRdux et al, 1991, whether the responsible mode vectors are primarily in the X
Hurricane et al.1997 Pu et al, 1997 Bhattacharjee et al.  direction, along the tail, as in the simplest reconnection sce-
1998ab; Cheng and Lui1998. The disruption of the per- nario, or in the y direction, across the tail, as in the simplest
pendicular current can also be due to the interruption of thecurrent disruption models. However, as indicated above, this
parallel current by an instabilityPerraut et a.2000. Inthe  distinction also may be an oversimplification. Further, as dis-
current disruption scenario, the formation of an X-line might cussed below, negativg, values, generally thought to be the
be a later consequence of the dynamic evolution,(1999.  consequence of magnetic reconnection, may also arise as a

In order to resolve at least part of the “substorm contro-large-amplitude nonlinear stage of a cross- tail mode. The
versy”, theorists as well as data analysts, formed a “Sub-breakdown of ideal MHD, frozen-in fields, and conservation
storm Onset Physics” team, that met twice at the Interna-of magnetic topology is a crucial feature in that case, as in
tional Space Science Institute in Bern, Switzerland. The teanteconnection.

Ann. Geophys., 25, 1363389 2007 www.ann-geophys.net/25/1365/2007/
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J
J
b T
-6 -4 -2 0 2 4 6
1.0 C— y
r . Fig. 2. Thin current sheet embedded in a wider current sheet which
undergoes a kink mode propagating in y, as indicated by the double
J 05 n ] _1 arrow. The red arrow indicates the fast electron drift in the em-
T E P= bedded current sheet. The green arrows indicate the electric field
10 associated with that drift. The blue circles with a cross and a dot,
L ] respectively, show the magnetic field direction, and the single black
e — arrow indicates the motion of the Cluster satellites relative to the
ol : : : ] : : : moving structure.

Fig. 1. lon (green) and electron (red) contributions to the total cur- yroradius, as defin'ed by the field strength outside the cur-
rent (black) in self-consistent models of a thin current sheet embedrent sheet. Such thin sheets have actually been detected by

ded in a wider current sheet, for various ion gyroradii scaled by theCluster (e.g.Nakamura et al2002 20063.

half-thickness of the wide current sheet; modified after Schindler Recently, Schindler and Birn (20023 derived self-

and Birn (2002). consistent models of thin current sheets embedded within
a wider plasma/current sheet. These models are solutions
to the Vlasov equations of collisionless plasmas. They can

2.1 Quasi-equilibrium models hence serve toillustrate the changes in structure and the con-
tributions to the currents under various scales. Two main re-

Quasi-static thin current sheet structures in the magnetotaiults are of relevance here.

may arise from the response to deformations imposed by the When the thickness of the current sheet becomes compa-
solar wind Birn and Schindlgr2002. Both MHD and par-  rable to, or smaller than, a typical ion gyroradius or ion in-
ticle simulations consistently demonstrate that a thin currenertia length, the ion contribution to the thin current sheet is
sheet can form as the consequence of the addition of magsmeared out, so that the current in the thin sheet becomes
netic flux to the lobesSchindler and Birn1993 Pritchett ~ dominated by the electrons. This is illustrated by Fig. 1,
and Coronitj 1994 Hesse et a].1996 An important role is  which shows the current contributions in thin embedded cur-
played by the variation ik, the Earth-Sun directiorB{rn rent sheets for 3 values of the ion gyroradius, scaled by the
etal, 1998. Quasi one-dimensional compression leads onlywidth of the wider current sheet.

to a moderate current density increase. However, a finite, not Self-consistent equilibrium solutions generally require an
necessarily short-scale, variation ¥ can produce a local electrostatic potential. For two-dimensional configurations
current density enhancement that is much stronger. Particlavith £,=0, when the ion and electron distributions are func-
and MHD simulations show qualitatively similar behavior, tions of the total energy and the canonical moment®m

but kinetic effects modify the current sheet structure whenthe potential is constant along field lines and corresponds to
the thickness approaches, or becomes less than, a typical ian electric field perpendicular to the current sh&ehindler

www.ann-geophys.net/25/1365/2007/ Ann. Geophys., 25, 1358-2007



1368 W. Baumjohann et al.: Dynamics of thin current sheets

ably over the years from a large number of simulations (e.g.
Hewett et al. 1988 Pritchett 1994 2001 Tanaka 1995ab;
Hesse et a).1995 1999 20013 Hesse and Winskel998.

In the following we will discuss the current sheet structure
expected from the magnetic reconnection model, based on
particle-in-cell simulation results byoshino et al(2001).

Figure 3 shows ion (top) and electron (bottom) velocity
vectors in theX Z plane, together with four electron distri-

0 . . . .
X/ bution functions. The magnitudes of the ion and electron
Y ) flow vectors are normalized by the initial ion and electron
€ Electron Velocity thermal velocity, respectively. The ion flows are basically

directed from the X-type region to the O-type region, and
the electron flow is also in the same direction in the plasma
sheet. In the outflow regionX|>6), both ions and electrons
have the same bulk velocity of 0g,; or ~0.5V,4, where
Vini and V4 are the ion thermal and the ABn speeds, re-
spectively. Inside that region the ions are unmagnetized and
ion and electron flow speeds differ (“Hall region”). There
is “cold” electron flow near the outer boundary between the
lobe and the plasma sheet, directed toward the X-type region,
and outward electron flow inside this boundary, which con-
sists of two populations of “cold” electrons and “hot” elec-

0 4 tron beams. These flows are associated with Hall electric
Vg/Ve currents in a thin plasma sheet with a thickness of the order
of the ion inertia length.

Fig. 3. lon and electron flow velocity vectors in the x, z plane  Inside the ion diffusion region near the X-type point where
obtained in a particle-in-cell simulation of collisionless magnetic the ions are unmagnetized, the electron flow becomes faster
reconnection by Hoshino et al. (2001). The lengths of velocity vec-than the ion flow. The magnetized electrons can have a
tors are normalized by the initial ion and electron thermal Speed, re‘large ExB dnf‘t Velocr[y |n a Weak magne“c f|e|d reg|0n,
spegtively. The.bo.ttom panelg show electron velocity distributions,yhich can become larger than the Adfv velocity. This rel-
obtained at the indicated locations. ative flow difference between ions and electrons produces
Hall currents in the reconnection plane, corresponding to

. . . drupolar dawn- dusk magnetic fields as shown in the sec-
and Birn 2002. The value of the electrostatic potential, qua . L2 s
™ 2 va staic p 2 ond panel of Fig. 4. Maintaining the continuity of the elec-

however, depends on the working frame. In the case of thetri rrent. a field-alianed electri rent | nerated in th
Harris sheet the electrostatic potential is zero in a frame in ¢ current, a ield-afighed eleclric current s generate €
uter boundary, associated with field-aligned electron mo-

which the electric field outside the current sheet vanishes, bu?

in another frame a finite electrostatic potential is requeste&'on' The dawn-dusk electric field is positive in the re-
to ensure quasi-neutrality. THex B drift of electrons in the connection region, and the strongest electric figjds found

electric field corresponding to a thin embedded current Sheel?etween the X-type region and the O-type region. In addition

(not shared by the ions for thin sheets) can carry the electriéo the global reconnection electric field, a small scale, bursty
current associated with the thin sheet. In a locally pIanareIeCtriCﬁeld structure can also be found. In the bottom panel,

one-dimensional model, the electric field is directed towardsthe amplitude of the eleciric fields in the reconnection plane,

the centre of the current sheet (Z direction), while a tilt or |Ex,:|=,/ EZ+E?2, is depicted. The strongest intensity can
a corrugation of the current sheet through kink modes, ade found in the quadrupola, region (i.e. the Hall electric
recently observed by the Cluster and Geotail satellites (e.gcurrent region), whose thickness is of the order of ion iner-
Zhang et al.2002 Sergeev et /2003 2004 2006, would tia length. The polarization electric field toward the neutral
generate an additional y component of the electric field, asheet is produced by the inertia difference between ions and

44 44

0 4 0
Ve/Ve  Vp/Ve

0
Vg/Ve

illustrated in Fig. 2. electrons across the boundary. In addition to the large-scale
X-type structure ofE, ., a small-scale structure embedded
2.2 Magnetic tearing or reconnection, kinetic models in the Hall current region can also be observed in the high-

spatial resolution simulation. This small-scale electric field
The understanding of the physics of collisionless magnetiomay result from instabilities generated by the strong Hall cur-
reconnection and of the (two-dimensional) field structure inrentin the boundary region, such as the electron bump-on-tail
the vicinity of the reconnection site has increased considerand the Buneman instabilities.

Ann. Geophys., 25, 1363389 2007 www.ann-geophys.net/25/1365/2007/



W. Baumjohann et al.: Dynamics of thin current sheets 1369

While the two-dimensional structure of the reconnection 4 Magnetic Field Lines
site appears well understood, the structure in the cross
tail direction is less well explored. Due to the complex-
ity of the problem and the numerical effort involved, only
a few three-dimensional simulations of collisionless recon-
nection have been performed (e.§anaka 1995a Pritchett
and Coronitj 1996. As a result, the question of whether
the results from 2.5-dimensional models carry over to more
realistic, three-dimensional configurations remains largely
open. Recent three-dimensional simulatioReders et a.
200Q Hesse et a).2001h Zeiler et al, 2002 support the
view that collisionless magnetic reconnection in 3-D current
sheets operates in a manner very similar to the results de
rived from translationally invariant models. The develop-
ment of structure in the out-of-plane direction appears to be
limited to small scales which may enhance local dissipation
coefficients Huba et al. 1978 Buchner 1998 Biuchner and
Kuska 1999 but which do not alter the large-scale flow pat-
terns.

2.3 Cross-tail modes and current disruption

Several cross-tail current instabilities are being considerec< o ¢
for the generation of modes propagating across the tail:
the lower-hybrid drift instability, the drift-kink instabil-
ity, the drift-sausage instability, ballooning modes, Kelvin-
Helmholtz modes, and the cross-field current instability. At
short wavelengths, the lower hybrid drift instability (LHDI
Huba et al.1978 is strongly localized at the edge of the cur- Fig. 4. Characteristic field structures obtained in a particle-in-cell
rent sheetBrackbill et al, 1984. Nonlinear development of ~ simulation of collisionless magnetic reconnection (Hoshino, 2001).
the LHD|, however, can modrfy the initial equi”brium and/or The magnetic field By is normalized by the initial lobe magnetic
drive secondary modes, discussed belblriuchi and Sato  field Bo, and the electric field is normalized p=BoV.4/c. Note
(1999 have proposed that the LHDI causes a thinning of the"at the Earthis to the right in this figure.
current sheet (not to be confused with the driven thinning
caused by flux transfer from the dayside to the tail), as con-
firmed by simulations oLapenta and Brackbi{200Q. An- and Kuskal1999 and in approximate linear theories (see e.g.
other possibility, suggested byesse and Kivelso(i1998, Yoon and Luj 2001, for a review).
is that the LHDI generates a velocity shear on the edge of The Kelvin-Helmholtz (KH) instability is a relatively
f[he current §heet, which in turn drives the Kelvin-Helmholtz long-wavelength, long-period mode and hence an attractive
instability, discussed below. candidate for the observed2-min oscillations propagating
The drift-kink instability (DKI Zhu and Wingleg 1996 across the tail. In an idealized configuration, where the mag-
Pritchett and Coroniti1996 Pritchett et al. 1996 Ozaki netic field has no cross-tail component and the current, and
et al, 1996 Lapenta and Brackbilll997 Nishikawag 1997 hence the ion drift are in the cross-tail direction, there is no
grows at small and modest mass ratiggm,.. However, lin-  instability threshold, although the growth rate depends on
ear theory, based on the numerical integration of the particleéhe characteristic scale of the velocity shear. While a strict
orbits (Daughton 1999ab), and kinetic simulations where Harris equilibrium corresponds to uniform ion drift speed,
the LHDI is suppresseddesse and Birn2000 predict very  and hence does not excite KH oscillations, there are several
small growth rates at realistic mass ratig/m.. Never-  ways how the velocity profile might be modified and thus
theless, a number of simulations see rapid kinkiogdki become susceptible to KH instability (eXpon et al, 1996.
etal, 1996 Lapenta and Brackbilll997 Horiuchi and Satp  As mentioned above, small-scale fluctuations, such as LHD
1999, possibly driven by the nonlinear evolution of the modes, can modify the current distribution and hence the
LHDI. The drift-sausage (DS) mode has properties similarvelocity profile (e.g.Hesse and Kivelsqrii998 Daughton
to the DK mode but with opposite parity. This mode has 2002. Also, as illustrated in Fig. 1, when a thin current sheet
been observed in some simulatioBsiChner 1998 Buchner  is embedded in a wider one, as often observed by Cluster

www.ann-geophys.net/25/1365/2007/ Ann. Geophys., 25, 1358-2007
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phase implies an increase of the parallel current in or-

z z
AB0 AJx<0 der to ensure the zero divergence of the total current
v AQvanzco v «{{@f ABz0 (V-j~@ jy/dy+B3d/3l(jj/ B)~0, wherel is the length along
AB > a field line). The radial component of the current can
y>0 ABy<0

be neglected assuming that the radial scale length of the
AY® perturbation is larger than the azimuthal and field-aligned
Alx<0 scale lengths. For a large enough parallel current, “high-

z x>0 A0 o frequency” current- driven Alfén waves (CDA) in the range
X of proton cyclotron frequencies are driven unstable. As they
Aly<o propagate along field lines, CDA waves can undergo two

types of resonances. In the CS the waves interact with elec-
Y \ tron via bounce resonance. As they propagate away from the
equatorial region, CDA waves are mode converted into shear
Alfvén (SA) waves and the phase velocity (essentially the
Alfv én speed) becomes of the order of the electron thermal
velocity. In such conditions, CDA/SA waves are able to pro-
duce electron parallel diffusion. For intense CDA/SA waves,
Fig. 5. Schematic view of the parallel current system correspondingthe diffusion time €;) of electrons via CDA/SA waves is
to an azimuthal modulation of the cross tail currgpt The top  equivalent to the bounce timey, which has two important
panel inserts display the local magnetic field perturbation producettonsequenced ¢ Contel et al. 2001ha): (1) The parallel
by a tailward (resp. earthward) parallel current/t). current is disrupted, therefore the equilibrium is broken and
the perpendicular current must also vanish, thereby produc-
ing a local dipolarization, in agreement with observations;
(e.g.Asano et al. 2005 Runov et al. 2009, the thin one  and (2) the non-local response associated with the electron
tends to be carried by the electrons, while the wider one ishounce motion vanishes. The induced electric field corre-
still carried by ions. In that case, the ion speed in the censponding to the local dipolarization, is no longer shielded and
ter would be reduced (and could even be reversed). A KHproduces transient fast flows. Therefore, on the timescale of
analysis byLapenta and Knol(2003 indeed shows that KH  glectron diffusion, large electric fields can exist and produce
instability can be excited and propagate in the general curenhanced electric drift and the corresponding fast flows.
rent and ion flow direction, even when the ion flow velocity  The previous scenario has been described in the context
is reversed in the center. of the quasi-static evolution of a current sheet, for instance
These modes may provide an explanation for waves propeuring the growth phase. It also applies to a situation where
agating across the tail, but they do not necessarily lead to gow-frequency modes, for instance ballooning modes, spa-
net reduction and diversion of the cross-tail current. Theretially modulate theJ, current Pellat et al. 2000. As de-
are two major plasma instabilities considered for such cur-picted in Fig. 5, the spatial modulation &f implies a series
rent disruption. The first one is the current-driven elec-of field aligned currents that eventually turn out to be un-
tromagnetic ion cyclotron instabilityPerraut et a).2000. stable, when the parallel current increases, that is when the
For this model, the formation of a thin current sheet dur-parallel drift between electrons and ions gets large enough.
ing the growth phase is described as an externally appliedhe magnetic signatures of these parallel currents are also
time-dependent perturbation, localized in the azimuthal di-depicted in Fig. 5. At Cluster orbit, parallel currents will
rection. The timescale of the perturbation is assumed to bessentially be radial, hence the corresponding magnetic sig-
larger than the ion and electron bounce periods. The kineti;qatures$ B, will be in theY Z plane. Thus, in this model, the
response of the plasma, taking into account the bounce mofiuctuations observed iB, and B, are interpreted as signa-
tion of particles due to the mirror geometry of the near-Earthtures of parallel currents associated with azimuthally propa-
magnetotail, implies the development of an electrostatic pogating structures carrying parallel currents (as illustrated in
tential constant along a given magnetic field likifricane  the figure). Thus the interpretation of the quadrupolar sig-
etal, 1999. The corresponding potential electric field tends nature onB,, and bi- polar signature oA, as the signature
to shield the induced electric field due to the stretching ofof Hall currents associated with an X-line (see Fig. 4) mov-
the magnetic field lines. Therefore the perpendicular motion,ng vertically (reversal of3,) or radially (reversal oB;), is
at least in the near equatorial region, is partly inhibited ( not the only possibility for interpreting the data. This type
Contel et al.2000ab). This can explain why CS thinning (or  of signature can also be produced by the 3-D system of cur-
oscillations of CS) are not necessarily accompanied by an azrent associated with low-frequency azimuthally propagating
imuthal E,,, and hence by an earthward or tailward flow. waves. Close to the equator, where the perturbations of the
On the other hand, the increase of the cross-tail curperpendicular current are localized (and where parallel cur-
rent in an azimuthally localized region, during the growth rents vanish by symmetry), a negatiBe can be obtained as

Ann. Geophys., 25, 1363389 2007 www.ann-geophys.net/25/1365/2007/
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soon as the absolute value of magnetic perturbation, associ- Cross-Tail Current Cross-Tail Current
ated with the perpendicular current perturbation, exceeds the ~ 2So"e Current Disruption During Current Disruption
weak dipole field. Off equator, where parallel current pertur- ONONOKOXKO) ®e ® ®
bations are stronger, correlat®d and B, perturbations can [OXOXOXO, cb ®
be associated with an azimuthal motion of the mode. @ ®

The second candidate for current driven instability is the ©OOOOO ® O] ® o ©®

cross-field current instabilityL{i, 1991). For this paradigm,

enhanced current density in the tail current sheet due to ki-

netic ballooning instabilityCheng and Lyi1998 or to any 8B, from CD
process responsible for the explosive growth ph&stgni

et al, 1992 is assumed to occur just prior to current disrup-

tion. This leads to the excitation of the cross-field current

instability with high frequency perturbations from oblique B, B,
whistler waves. The resultant development of this instabil- IN\I\/I
ity leads to turbulent environment with waves over a broad — _
frequency range from about the ion cyclotron frequency to V [ wime Time
lower hybrid frequency. These oblique whistler waves can
give rise to quadruplés, perturbations outside the current Iy BT — JxB4 ) Bf—nxs;
disruption region. This activity associated with this kinetic Earthward Flow Tailward Flow
instability is spatially localized initially.

Most researchers associate moderate- and high-spedtig. 6. Schematic of how small-scale fluctuations from localized
plasma flows with magnetic reconnection. However, cur-current disruptions might lead to organized earthward or tailward
rent disruption can lead to force imbalance and consequerftow. After Lui (2001).

plasma acceleration to high-speed plasma flows as el (
et al, 1993. Figure 6 illustrates schematically the expected

loss of equilibrium from current disruption.gi, 2003). The some association between tailward plasma flow and south-
‘ward B, but deviations from this association is expected to

top part of the figure shows that before occurrence of cur ionall i f| ith h
rent disruption, the current density in the current sheet varie@¢cur occasionally, e.g., tailward flow with northwasd or
earthward flow with southwarg, .

rather smoothly across the sheet. During current disruption,
the current density becomes highly inhomogeneous, ranging

from reversed current f|OW to enhanced current de_nS|ty Wlth3 Description of events
the overall current reduction averaged over the entire region.

The nonlinear evolution of the plasma instability or instabili- Thin current sheets with a thickness comparable or less than
ties responsible for current disruption leads to large magnetighe cjyster tetrahedron scale are observed under different
fluctugtions, especially in thB, component, as depicted ﬁn conditions. Here we describe current sheet crossings from
the middle of Fig. 6. In the near-Earth region, the ambienty,, cjyster 2001 tail periods, when the tetrahedron scale was
magnetic field componer, is strong. The neB. is thus  ah4,t 2000 km and the spacecraft were near apogee in the
mostly northward because th. fluctuation seldom goes remignight sector (Fig. 7). The first event, between 20:40
southward large enough to overcome the ambient field. Inyn4 22-00 UT on 7 September 2001, consists of two different
this region, the amount of current reduction due to disruptiontypes of current sheet: (a) a thin current sheet during a quiet
typically is smaller than the increase of magnetic field duejnterya| and (b) a current sheet during a pseudo-breakup. The
to current reduction. This is because the current enhancesecong event shows (c) a current sheet with a flow reversal
ment prior to current disruption suppresses the dipolar field; 4 hence a possible X-line signature during a storm-time
contribution to the local magnetic field. Current reduction substorm, between 09:20 and 09:55 UT, on 1 October 2001.
results in diminishing this suppression and thus an increasg, e following we briefly describe the global context of the
of magnetic field. There is thus a net increase injth@ events in Sect. 3.1 and highlight the specific observed fea-

force in this situation. On the other hand, in the mid tail re- ; ,-o< for these events in Sects. 3.2—3.3. Finally, the key ob-
gion the ambient magnetic field is weak. The net magneticgqations are summarized in Sect. 3.5. ’

field therefore becomes frequently negative. When the net

B. is negative, botlixB and pressure gradient forces accel- 3 1  overview of the selected events

erate the plasma tailward. Even when the Bets positive,

the current reduction can become larger than the associategi1.1 7 September 2001

magnetic field increase. This leads to a net decrease in the

j xB force and, again, a consequent tailward plasma accelefFhe 7 September event occurred just before a change from a
ation. The above consideration indicates that there would ba&orthward to a southward solar wirRl component, which
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happened at the end of the selected time interval, around
22:00 UT. The Image and Polar spacecraft (data not shown) _ )
give evidence for an auroral bulge developing near the Clust'9- 8- (&, b, €) spin resolution data from GSM components of
ter footprint, at about 21:29 UT. This bulge has a small ex-the magnetic field(d) DS2 component of the electric fiel, )

S . . GSM X,Y components of the proton bulk velocifg) current den-
tension in latitude, around 70ALat. Hence Event 1 is not sity determined from the magnetic fielgh, i) proton and oxygen

a f}JIIy developed gubstorm; it c.orresponds toa Iocalizgd (inbeta. For the particle and field plots, profiles for Cluster 1, 2, 3,
latitude) perturbation propagating eastward~&0km/s in 4 are plotted with black, red, green, and blue lines, respectively.

the ionosphere, presumably a pseudo-breakup. Black and red lines in the current density plots correspond to X and
Y components.

Figure 8 shows spin averaged field and particle data. Three
components of the magnetic field in GSM coordinates ob-
tained by the FGM magnetometeBdlogh et al. 2001) are
shown in Figs. 8a—c. The DS2 component of the electric
field data from EFW Gustafsson et gl2001) is shown in ~ Between 20:40 and 21:30 UT, tls components vary from
Fig. 8d (the DS2 component is approximately parallelo approximately—12nT (at S/C 3) to +18nT (on S/C 4; see
in GSE coordinates). Here we changed the sign of the DSZFig. 8a), hence the four S/C cross the magnetic equator. Dur-
component so that it is close to the dawn-to-dusk electricing this crossing the CS is relatively quiet; the dawn-dusk
field, E,. X andY components of the proton bulk flow electric field (Fig. 8d) and the ion flows in the X direction
from the CIS/CODIF experimentRgme et al. 2001 are  (Fig. 8e) are weak and the magnetic fluctuations are small
shown in Figs. 8e and X andY components of the current (panels a, b, and c¢). The most rapid variation is along the Z
density calculated from the linear curl estimator techniquedirection. Then the CS thickness can be estimated from the
(Chanteur 1998, using FGM data are shown in Fig. 8g. It difference between the values 8f, measured at the four
should be kept in mind that Cluster estimates the average&/C locations; this is done in Sect. 3.2.2. Around 21:00 UT
current density on the scale of the tetrahedron, i.e., 2000 kmS/C 3, which is at a loweZ than its 3 companions, is located
Finally, panels (h) and (i) show the parameter for protons andat the CS boundary, while S/C 1, 2 and 4 are located close to
oxygen, respectively. Values gfup to 100 are measured for the magnetic equator. Hence the half-thickness of the current
protons and3>1, for oxygen. Yet, in spite of this hig§; sheet should be of the order of the distance, projected along
thin CS remains stable and quiet. Z, between S/C 3 and the other&:Zgswm(3, 4)~1300 km,

Quiet CS crossing
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at about 21:00 UT. Knowing the CS thickness, one can es-
timate the current density,,~AB,/uoH~10 nA/m?, con- =
sistent with the value calculated from cil(panel g). For m% of
this event, however, the characteristic spatial scale of the cur- -%87
rent sheet is comparable to the distance between the satel- _
lites. Therefore, the current density obtained from the cur- & 19
lometer method can only be considered as a rough estimate
(in fact an underestimate). During this quiet CS crossing the
ion flow velocity is sufficient to account for the estimatgd
Indeed forN~1/cm?, andV,~50 km/s (estimated from CIS)
we find J,~8 nA/m?. Hence during this quiet CS crossing
the current, in the S/C frame, is essentially carried by ions.

401

Active CS crossings

From 21:30to 21:42 UT, the averaged valugsgf for S/C 3,
varies from positive to negative. Large amplitude oscilla-
tions in B, and B, are superimposed. Hence, the current
sheet structure is three-dimensional. On the other hand, the =
fluctuations inB, , detected by S/C 1, 2 and 4, are weaker,
and B, remains close to the lobe valueZ0nT). Therefore
S/IC 1, 2 and 4 are located outside the CS, or close to CS C
boundary layer, at least till 21:46 UT. Thus, between 21:30 , 1008
and 21:46 UT, the CS thickness must be smaller than the dis 1?327
tance between SC 3 and its companions projected albng 833 B :
(~1500 km). After 21:45 UTB, at S/C 1, 2, 4 decrease, on 0920 09:25  09:30  09:35  09:40  09:45  09:50  09:55
average, and oscillate, whilg, at S/C 3 becomes negative.

Hence the CS thickness becomes comparable to the distanéég. 9. Same format as Fig. 8 except for the bottom two panels,
between the S/C. Using the value Bf, normalized by the  which are: (h) total and magnetic pressure, afifiratio between
lobe value ¢20nT), as a proxy to estimate how far a given 0xygen and hydrogen pressure. In the pressure plot the total and
S/C is located away from the center of the CS, we find thatt_he magnetic pressures are plotted with thick and thin lines, respec-
large ion flow velocities () are found close to the equator. 1VelY-

The reverse is not true: being at the equator does not warrant

the observation of a fast ion flow. Notice that large amplitude
variations inEy (Fig. 8d) are also observed.

PO+/PH+

3.1.2 1 October event

Surprisingly the ion velocity in the Y direction, which  Between 06:00 and 16:00 UT on 1 October, a series of semi-
was positive (as expected) before 21:30 UT, becomes negheriodic substorms took place. The interval has a charac-
ative (eastward) around 21:35 UT, and sometimes reachegristic of a “saw-tooth” event during a large storm with a
—200km/s. The westward current must be carried by eleCryjnimum SYM-H of 150nT at 08:30 UT. The interplane-
trons moving eastward, faster than ions; this is further dis—tary magnetic field (IMF) was directed southward during the
CUSSEd in SeCt. 3.2.2A5an0 et a|(20049 haVe aISO giVen Who'e interva| and ranged betwee}g:_ls and_2 nT. In
evidence for westward currents carried by electrons, in thepjg study we examine Cluster observations during the sec-
case of a Geotail event. ond substorm interval, when a LANL geosynchronous satel-
lite (1991-080) detected multiple dispersionless electron and
ion injections starting at 09:26 UT and a large substorm with
AE >1000nT took place. As shown in Figs. 7a—c, Cluster
was located algsu=—16.4Rg, nearZgsm=0 in the pre-
After 21:52 UT, all s/c measure almost the same-0 in- midnight magnetotail. The Cluster tetrahedron configuration
dicating that the spatial scale of the CS is now much largerat 09:20 UT is shown in Figs. 7g—i.
than the distance between the satellites. During this period, Figure 9 shows spin averaged field and particle data in
the current density, (panel g) is smaller than before. Note same format as Fig. 8 except for the two bottom panels. The
that after 21:55 UT, a short lasting thinning of the CS occurssum of particle and magnetic pressure is shown as a thick
again, while enhanced, is detected. line and magnetic pressure is shown as thin line in Fig. 9h.

Thick CS
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Here the particle pressure was calculated using both protofile in Fig. 9c also shows corresponding sign reversals on
and oxygen. We converted the pressure value into an equivdenger and shorter time scales: i.e., negative values on aver-
lent magnetic field value (in nT), so that the likely lobe field age, during predominantly tailward flow period and positive
strength can be inferred from the total pressure. The ratiozalue mainly during Earthward flow periods, overlapped with
between oxygen and hydrogen pressure is shown in Fig. 9i.faster fluctuations. The overall relationship betwdzrand

As can be seen fromB, (Fig. 9a) and from the relative flow, on greater than 10-min scale, is in a sense of producing
Cluster positions (Figs. 7e and f), the ordering of decreas-dawn-to-duskV x B electric field. Consistently, the dawn-
ing B, values, i.e., Cluster 1, then 2, then 4, and finally 3, to-dusk electric field from EFW (Fig. 9d) became enhanced
is consistent with the relative order of the Cluster positionsduring the flow intervals exceeding several mV/m (up to
from north to south most of the time, suggesting that the tail10 mV/m). Between 09:43 and 09:58 UT, even stronger elec-
current sheet orientation is approximately perpendicular tatric fields were observed associated with neutral sheet cross-
Zgsm and thatB, gives a good indicator of the location rel- ings. Detailed field and plasma signatures between 09:46
ative to the equator, on long time average. Yet, there areand 09:51 UT, when strong electric fields, flow reversals and
intervals with short-time perturbations or rapid current sheetneutral sheet crossings were observed, will be discussed in
crossings lasting less than a minute where the current she&ect. 3.2.1.
were significantly tilted from nominal orientation as will be  Starting around 09:37 UT, when Cluster encountered the
discussed in more detail in Sect. 3.3. Cluster was initially plasma sheet and observed tailward flow, persistent oscilla-
located close to the northern lobe. Because of the high solations also started in thg, profile (Fig. 9a) with a time scale
wind pressure and larger flux in the tail during a storm, theof about 2 min. Based on minimum variance analysis of each
lobe field value during the initial interval is expected to be crossing and timing analysis of the four spacecraft, these os-
larger than 40 nT, as can be seen in lyecomponent when  cillations are due to a wavy current sheet. Assuming that the
Cluster enters the lobe between 09:30 and 09:33 UT. Aftepropagation vector identified from the current sheet cross-
09:37 UT, Cluster experienced several neutral sheet crossngs represents the motion of the current sheet, it is expected
ings until 09:53 UT, when all the spacecraft stayed in thethat the motion of the wavy current sheet is mainly duskward
plasma sheet. The first signatures of substorm disturbance aith a speed of 100-300km/s. From this speed and the 2
Cluster are the magnetic field fluctuations accompanied bymin recurrence it is estimated that these wavy structure has
tailward proton flow and encounter of the plasma sheet starta cross-tail spatial scale of 2#4;. It should be also noted
ing at 09:26 UT, which corresponds to the time of geosyn-that the inter-spacecraft difference B, stands out during
chronous injection. After the plasma sheet encounter the tothis period (Fig. 9a). The profile shows that the half thick-
tal pressure started to decrease with some fluctuations angess of the current sheet is expected to be smaller than the
became 30 nT by 09:50 UT and stayed nearly the same valu€luster tetrahedron. The duskward current density obtained
afterwards. This negative trend in the pressure is a typicafrom the Cluster increases up to 20 n&/m
manifestation of unloading in the mid tail region during sub-  Another important observation for this event is the ion
storm expansion phase. As is often the case for a storm, theomposition. During the thin current sheet interval, 09:45—
oxygen contribution is significant, as shown in Fig. 9i. Par- 09:55 UT, pressure as well as density was dominated by O
ticularly after 09:44 UT the pressure is dominated by oxygen.(Kistler et al, 2005, which was interpreted as being due to
This corresponds to the time interval of the thin current sheekstorm-time ion outflow. In this ® dominated thin current
as will be described later. sheet, the @ ions were observed to execute Speiser-type ser-

There were mainly two periods of enhanced tail- pentine orbits across the tail and were found to carry about
ward/earthward proton flows during the interval (Fig. 9€). 5-10% of the cross-tail currenKistler et al, 2005. De-
The first one is the tailward flow between 09:26 and tailed analysis of the distribution function showed separate
09:30 UT near the geosynchronous injection time. Associ-Ot layers above and below the thin current shawftiger
ated with this first tailward flow period (at about 09:27 UT), et al, 2004).
a sharp enhancement B, and a positive, then negative dis-
turbance inB; of about 30 s is observed, which is the typical 3.2 Crossing of a quiet CS; 7 September 2001, 21:00 UT
signature of a tailward moving flux rope. The disturbance
is accompanied by a large spike in the current density. Thigrigure 10 (panels a, b, and c), shows tBatchanges from
current is directly parallel to the ambient field flowing out about—20nT to +20 nT, whileB, and B, (plotted here with
from the ionosphere. Such30s structures wittB, rever- a different scale) and their fluctuations, are small (few nT).
sals andB,, perturbations are identified also during the next The current densitieg,, estimated by various methods are
flow enhancement intervals. shown in panel (d). Since the current sheet is essentially per-

The second flow interval is from 09:37 UT, and contin- pendicular toZgsm, we have fitted the3, component of the
ues until 10:04 UT (not shown), with several flow reversals magnetic field measured by S/C 1 and 3 with a “Harris sheet
from tailward to Earthward and vice versa on a timescalemodel” (Harris, 1962) defined b.=B; tanh(z—zp)/H)
of >10min containing also rapid fluctuations. TBe pro- wherezo and H represent the center and the half-thickness
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of the current sheet, respectivelyB; can be obtained ei- 07/09/2001 2050 = 2120 UT
ther from direct measurement in the lobe region (if the S/C
happens to be located in the lobes) or by assuming the
equilibrium of the vertical pressure within the plasma sheet
(Baumjohann et al1990Q Kivelson et al, 2005 Thompson

et al, 1993. Here, for both periodsB; ~25nT. Once these
parameters are determined, we compute and plot the Harris
current density at the equator (thick pink line), and at the lo-
cation of S/C 3 (thick green line). We also plot the current
density estimated from cuB (thin pink line) and the contri-
bution of the ions computed from CIS measurement on S/C 3
(thin green line).

Assuming that the current density profile is stationary dur-
ing the crossing of the CS we find that is maximum near
the center of the CS and thaf,,, ~10 nA/n?. The ion cur- )
rent is also quite close to the other estimates, which suggests
that during the quiet crossing most of the current is carried
by ions, in the s/c frame. The contribution of electrons to
the current (not shown here) is indeed smadll.(not shown
here) is much smaller thah, (panel d).

The fit with a Harris sheet has also been used to estimate
the half-thickness of the C3{). In order to gei we choose &
a couple of s/c with similar values df and (if possible s
X), but different values of. This choice aims at minimiz-
ing the possible effects of radial and azimuthal modulations
upon the determination dii. Figure 10e shows that, around
21:00 UT, H~2000 km. During this period all the S/C are
located inside the CS, hence the fit is good. The increases
in H found around 20:50 and 21:20 UT are probably not
reliable, because the S/C get too close to the CS boundary. 2% 2096 2600 2105 = 2810 2045 2020
Figure 10f shows the position of the CS centgg) and the
estimated location of its lowelZp— H) and upper Zo+H) Fig. 10. Quiet CS crossing. Notice th&, and B, are not at the
boundaries, deduced from the same fitting procedure. It tellsame scale aB,; most of the magnetic field variations are 8g,
us that the CS moves southward at about 5.5 km/s, in the S/@s expected for a 1-D CS. Paie) shows (i) Harris current density
frame. Cluster spacecraft move slowly southwar@ km/s); at the gquat(_)_!r (thick pink line), .(ii) gt the Iocation_w of S/C_ 3 (_thick
thus the CS moves at about 7.5 km/s. The motion of the C§;?e” "t”ej)' (ii). 7y frtc’?fcurlsc(ltg'” pink line) antd (nvé/cggtaﬁgtlon

: : : : orionsto y,compu eafrom measurementon Ingreen
e é'é‘}iezg’égrﬁfnd)”‘\),rv?tﬁ,hfhg?fﬁfnrfg';’rg \tﬁ':?lsn 10 orose _ line); panelste) and(f) show the half- thicknesst) of the CS and

’ . - the location of its center4). Time resolution is 4 s.

CS center moves southward at about 7 km/s; consistent with
previous estimate. Noticing that S/C 1, S/C 2, and S/C 4
are approximately at the san#issy, the delay betweenthe 33 Crossings of an active CS, 7 September 2001, 21:30—
crossing of the center of the CS can be used to characterize  51.55 yT
the flapping of the CS.

In summary a relatively thin CS (half thickness of about 3.3.1 Magpnetic fields and current densities
2000km) can be stable over long time periods. For
N~cm~3, V;;,;~1000 km/s, and"y;~0.15 Hz (lobe field), ~ The four top panels of Fig. 11 show again tBe, By, B,
we get the H ion Larmor radius and ion inertial length the modulus ofB, and the—SR2 component of the electric
pi~L~1000km, i.e., half the CS half-thickness. As already field (essentiallyEy), with an enlarged scale. Magnetic and
mentioned, while describing Fig. 8, magnetic fluctuations areelectric field data are now displayed with full resolution (22.4
weak and no fast flow is observed during the crossing of thispoints/s forB and 25 points/s foE,). The averaged motion
quiet but relatively thin CS. The slow flapping oscillation of the CS, as inferred from the averaged variation8 gfis
does not affect the stability of the CS. now upward. Panel (i) showg,, estimated from curB. Un-

til 21:33 UT curlB cannot be correctly estimated because all
the S/C are still located outside the CS, or close to its bound-
ary. After 21:33 UT the current densitf, estimated from

Bx (nT)

Bz (nT)
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07/09/2001 2127 = 2155 UT itive, indicates tha# is comparable to, or even smaller than
D. The fluctuations oZp+H are much larger than that of
Zo—H andZj (see the last panel of Fig. 11), which suggests
that the oscillations are asymmetric, or that S/C 1, 2, 3 are
outside the CS, and therefore do not probe the fluctuations
which are highly confined in the CS. In fact the LF modes
can provide a proxy for the accuracy of the estimateZ gf
andH. Inthe later cas€p andH are not correctly estimated.
For instance, around 21:35 UH is probably largely over-
estimated and the largely negative valueZgfshould not be
trusted. Yet we can infer that between 21:33 and 21:45 UT,
H <D=1500km, and that the total current inside the CS is
essentially constant. Conversely after 21:45 UT, the three
other S/C (S/C 1, 2, 4) penetrate in the CS; the estimates
via the Harris fit are now accurate. A symmetric sausage
like behavior is observed, with a constafy and symmet-
ric variations of Zop+H and Zo—H. Between 21:45 and
21:52 UT, whereH~1500-2000 km, large earthward flow
bursts are observed (up to 600km/s). After 21:52 W,
rapidly increasesH > D. At the scale of the tetrahedron, the
magnetic energy has been dissipated sifcis quasi-null
on all spacecraft. There are no longer large flow velocities.
Thus the large amplitude quasi-periodic (60s) fluctuations
are strongly confined in the CS and they develop only when
the CS s thin, or very thin (21:33—-21:45 UT). The thickening
of the CS, and therefore the local dissipation of the magnetic
energy, starts around 21:45 UT. After 21:52 UT, the CS gets
very thick (~2 Rg); the magnetic energy has been dissipated
and the transport of particles stops by 21:54 UT.
e s i i i s When the CSis thin or very thin, the fluctuationsifand

’ ’ Time UT ’ ' ’ B, are quite large, in particular (but not only) on S/C 3. These
_ _ _ fluctuations are interpreted as signatures of field aligned cur-
Fig. 11. Cro§smg of an actlv_e CS (September 7, 2001). From topanig (see Sect. 4). Panels (h) and (i) shvand J,, esti-
to bottom, high time resolution data from FGNB,(, By, B:,B) . .

) mated from curlB. Firstly, we observe a signature of nega-

and EFW ). Unless otherwise noted, black is for S/C 1, red for . . )
SIC 2, green for S/C 3 and blue for SICW4,; from CIS (thick line) 1€ Parallel current (, <0) between 21:29-21:30 UT asso-

andV,, from PEACE (thin line) on S/C 1 and S/C 3, same . ciated withV, <0 (tai'lward) andV, <0 (dawnward), for elec-
Jx and.Jy (thin pink line), computed from curlB, equatorial current trons as well as fpr ions (see alse Contel et al.ZOQZ and_ _
density (thick pink line) and at the location of S/C 3 (thick green references therein), which suggests that the active region is
line) from Harris model (thin pink line), wittB;=25nT (see text  localized earthward or westward of the S/C (see discussion
for more details). in Sect. 4). In this current density structure the current is
essentially antiparallel t&, and the spatial scale is compa-
rable or smaller thaD, as can be seen from thg, and B,
the Harris fit and the current density computed from &irl  profiles on S/C 3. Hence, the current density from the cur-
agree quite well. Between 21:33 and 21:45 UT S/C 3, whichlometer (/,~—5nA/m?) is probably underestimated. More
is the only s/c located inside the CS, detects large amplitudegenerally, both/, and J, are likely to be underestimated, at
about 1 min quasiperiod fluctuations. The large amplitudeleast during the first period (21:33-21:45 UT). The fluctua-
fluctuations observed oA, (3) can be due (i) to a modula- tions of J; (panel g) are as large as the fluctuationg pfas
tion of the total current,, below the S/C, (ii) to a flapping of ~ expected fromv-J=0). Thus, unlike the previous crossing
the CS (with a large amplitudeD), or (iii) to a modulation  (at about 21:00 UT) the structure of the active CS is now 3-
in the CS thicknessH). B, at S/C 1, 2, 4 (outside the CS) D. The signatures of the FAC are seenRy as expected, but
being almost constant, interpretation (i) is ruled out. Thusalso onB,, which indicates that they have a small scale in the
the CS thickness is modulated (symmetric mode), or the CSY direction; they correspond to filamentary structures as will
flaps up and down (anti-symmetric mode), or a mixture of be shown in the next two figures. Notice that shorter period
both. Whatever the mode, the fact thiat(3) can be nega- fluctuations {~1-10s) are superimposed on thé0 s fluc-
tive, while B, (1,2,4) remain approximately constant and pos- tuations described above. Their amplitudes are quite large

Bx (nT)

By (nT)

Vy (km/s)  Vx (km/s)

Ix (nA/m)

2uH, 2, 251 ()Y (PA/)
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07/09/2001 2131 - 2137 UT

By (nT)

Bz (nT)

21:34
Time UT

21:35

0.0k

Cor. rote

-0.5F

-1.0E ]
-100 -50 0 50 100
DELAY (s)

Fig. 12. By, and B; on S/C 1 and 2 at high-time resolution on
7 September between 21:31 and 21:37 UT. The full line is for the
correlation function betweeBy (1) andBy (2), the dotted line gives
the correlation function betweesy, (1) andB;(2). Time resolution

of the correlation is 0.4 s.

: j :36:20 "
(about a few nT~1-20 mV/m), but still smaller than long Time (UT)

period oscillations, at least for the magnetic components. We o
do not further discuss about these “high frequency” oscilla-Fig- 13. (a)Magnetic field data between 21:36:00 and 21:36:40 UT,
tions here 7 September 2001(b) Hodograms of the magnetic field projected

onto the (Y) plane during the time interval shown in panel (a).
In order to determine the direction of propagation of the gpacecraft are ordered by their locations alahg By is a proxy
CS fluctuations we correlate high time resolution data atfor the location of each S/C with respect to CS centre. Vertical
S/C 1 and 2. The corresponding wave forms and correladashed lines indicate the estimated closest approach, for each S/C.
tion coefficients are displayed in Fig. 12. S/C 1 and 2 areDashed circles are drawn only for S/C4 (for clarity); they are tan-
essentially separated alofigsy, by ~2000 km, while they  gentto magnetic field direction (iBy, B; plane) taken at 3 selected
are located at about the samg;sy and Zgsy. Thus the  times. To single out the magnetic field vectors corresponding with
delay obtained from the correlation lag10's) corresponds the selected times, we he}ve e>_<tenc_:|ed_their lengths via dashed_ ar-
to an eastward motion at200 km/s. in the same direction WS- Then the magnetic field direction is used for a remote sensing
. of the motion of the center of current tube. As discussed in the text
as electrons that carry the current in the S/C frame. In or- )
) . s . the current tube is found to move eastward.
der to identify the 3-D characteristics of the fluctuations, we
compare the four spacecraft magnetic field wave forms dis-
played in Fig. 13a (top panels). During this short time in-
terval (40s),B,(3) undergoes a positive excursion (+10nT  Figure 13b (4 lowest panels) shows hodograms8af B,
at 21:36:10 UT), whileB, (1), By(2), andB,(4) get negative.  for the four S/C.B, is used as a proxy for the position of
The extrema oB,, at the locations of the various S/C, are not each S/C with respect to CS center. Then the hodograms
simultaneous, as depicted by the vertical dashed lines. Thespresent the projections & on the @B,, B;) plane, as a
delays between the extremaB®f, at the various S/C, can be function of time, at the location of the S/C, inferred frdi.
due to a radial or to an azimuthal motion. For S/C 1, 2 andThe hodograms are ordered by the position, al@agw, of
4 the dashed lines roughly correspond to zeroB,gbut the  the corresponding S/C, hence data from S/C 3 are displayed
maximum of B, (3), at 21:36:20 UT, does not coincide with in the lowest panel. The amplitude of the modulations de-
a zero of B,(3). Instead it coincides with the maximum of pends on how deep each S/C is plunged into the CS. The
B (3). These observations are discussed in Sect. 4.2.1 whetlargest fluctuations are observed at S/C 3, presumably be-
they are used to infer the shape and the motion of the correeause S/C 3 is closer to the center of the structure, but below,
sponding structure. while the others are above or beyond. The hodograms give
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01/10/2001 0946 — 0951 UT parallel current structure, around 21:29-21:30 UT, is associ-
S 1 ated with tailward ion and electron velocities, which can cor-
respond to an active region developing earthward of the S/C.
This is followed by bursty earthward ion and electron flow
velocities (/; ) starting to develop first at S/C 3 (at about
21:33 UT), together with the fluctuations, as the spacecraft
penetrates deep in the CS. The velocities are now earthward,
suggesting that the active region is now tailward of Cluster.
Large velocities are observed later at the other S/C, once they
have penetrated in the CS (after 21:46 UT). Finally, between
21:50 and 21:52 UTB,~—20nT at S/C 3; whil&B, close to
zero at S/C 1, 2, 4, thus S/C 1, 2, 4 are now close to CS cen-
ter while S/C 3 is near its southern boundary. Thgn has
moderate values at S/C 1, 4 and is small at S/C 3. Thus, in
this thin and active CS, the ion velocity maximizes near the
CS center and vanishes at its boundary. The average values
of v,, follow V,;, but short lasting bursts df,, occur, with
no ion counterparts.

In order to produce the westward current supporting the
CS a substantial westward ion velocityX00—200 km/s)
is expected. As already shown by Fig. 8,, is small
and negative; ions cannot carry the westward current. Fig-
ure 11g shows thav,, is negative and larger in absolute
value thanVy; in averageV,,—V, ~100-200 km/s, hence
for N~1/cn? we getJ,~15-30 nA/nt; somewhat above the
estimate from curB. Given that curlB underestimates,, a
current density/,~15-30 nA/nt seems realistic. This value
corresponds t@7~500-1000 km which is comparable to, or
smaller than,p;, the ion Larmor radius~1000 km) in the
oors e ors S 550 ot lobe field. In Fig. 11 we see that the estimate/givia curl
Time uT B is between the estimates (via a fit with an Harris sheet)

of the current density at the equator and at S/C 3, thereby

Fig. 14. (Flow reversal. Same format as Fig. 11. For this event o, grming the validity of these estimates; at least as long as
B;=40nT. The parameters of the Harris sheet are determined fror’rbN

By, measured by S/C 1 and 3, at differéfitand similarX andY. ~H.
Panel(i) shows the two independent time profiles.afestimated
from Harris fit (thick pink,) and from curlB (thin pink). The green
line is for J at S/C3, from Harris fit. CS parametefd @ndZg) are
determined from S/C 3 and 4. Data displayed in paffelg, i, j)
are deduced from CIS/CODIF. Here time resolution of CIS data is3-4.1 Current sheet structures during rapid current sheet
8s. crossings

3.4 Active CS with flow reversals, 1 October 2001, 09:46—
09:51 UT

Figure 14 shows the magnetic field, electric field, and ion
evidence for rotations of the magnetic field, with compara-data in the same format as Fig. 11, but during the second
ble amplitudes alon@’ andZ, at least on S/C 3. In order to event, between 09:46 and 09:51 UT. Consecutive north-south
visualize the relation betweéB and a possible motion (ra- excursions of the current sheet are observed during this in-
dial/azimuthal) of the structure, we have selected three parterval with a time scale of about 1-2min. By estimating
ticular instances and used the corresponding magnetic fielthe velocity of the current sheet motion using the tempo-
vectors (dashed arrows in 13b) to track the position of theral changes oB, and spatial gradient a8, profiles of the
center of the structure and to follow its motion. The resultscurrent density were reconstructed Wufiov et al, 2003

are discussed in Sect. 4.2.1. 2005 for these current sheet crossings, around 09:47:00,
09:48:00, 09:48:30, 09:49:30, and 09:50:00 UT and their
3.3.2 lon and electron velocities spatial scale were estimated. Note that the flow reversal from

Earthward to tailward took place around the first crossing,
Figure 11 shows the ion and electron velocities, computedvhile a tailward to Earthward reversal took place around the
from CIS and PEACE, for S/C 1 and S/C 3. The short lastingthird crossing. For the 09:47:00 and 09:48:30 UT crossings
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current sheet thickness was found to be less than the tetrahe Cluster-3 FGM
dron scale Runov et al. 2003 Wygant et al. 2005, while
it is broad ¢~4000km) or bifurcated during the 09:48:00,
09:49:30, and 09:50:00 UT crossind®unov et al. 2003.
While the parameter of the Harris-type current sheet gives 1
generally a good indicator of the scale of the current sheet, asasna 09:51:00
these internal structures deviating from a Harris-type current
sheet profile and the relatively large separation of the ClusteL,
S/C compared to these thin current sheet period could explairz ™
why the current sheet was estimated to be continuously thick
at the bottom of Fig. 11 during this particular event. e
The B, profile involves changes with time scale of the or- . | il "
der of the duration of the current sheet crossing (as discusse:
above) and more transient peaks. During the first two cross: X ”’3

ings, when the flow is tailward, the general trendBf is

By By B: 4
o B &

58

10000

10060

anticorrelated with that oB,. On the other hand, after the ot
09:48:30 UT crossingB, and B, profile during the cross- m e

ing is correlated. In addition to this trend, there are transient w?
peaks on a 10-s time scale, such as the one clearly seen c 021300 awa700 - - onst00 st

C2 and C4, around 09:48 UT. The same is trueHgrtran- L i AR i Hﬁffﬁﬁ iR
sient variations are superimposed on a (longer time scale, - - - h -
negative B, during tailyvard flow and a positivé, during Fig. 15. By, By, B. profile (from FGM) and spectrogram show-
Earthward flow. Transienk. peaks or reversals are observed ing the electron flux (from PEACE), color coded, versus energy and
around 09:47:10, 09:47:45, 09:48:50 UT. The strongest tranjime, for S/C3 during the same time interval as Fig. 14. Time reso-
sient peaks, omB, and B, are found around 09:47:45 UT, |ytionis 4s.
they will be later discussed in more detail.
Reversals of the electric field are associated with the cross-
ings around 09:47:00 UT and 09:48:30 UT, during the thin3.4.2 TransienB, reversals
current sheet crossings. The strongest electric fields were
detected at the Northern Hemisphere, after the 09:46:50 UTShort durationB, and B, enhancements with reversals on
crossing. Large amplitude fluctuations are also observed aB, are observed between 09:46—09:51 UT. The most promi-
much higher frequencies. “High frequency” electric fluctu- nent structure occurs at 09:47:45 UT. Figure 16a is a blow-
ations (up to 100 mV/m) are shown in Fig. 14. Magnetic up showing this structure at an enlarged scale. S/C 1, the
fluctuations,§ B2~1-3nT2, are also observed (not shown northernmost S/C hardly detects the signature of the struc-
here) by STAFF. Furthermore, electrostatic waves with am-ture. This lack of detection suggests that the structure has a
plitudes~400 mV/m and frequencies varying from ion cy- small size alond, and is located well below S/C 1. This is
clotron to lower hybrid, and electrostatic solitary waves with confirmed by the differences between the signatures at differ-
amplitudes of 25 mV/m and much higher frequencies wereent S/C; the size of these structures should be smaller than the
observed by the Electric Field and Wave (EFW) instrumentdistance between the S/G-1500-2000 km), at least along
during 09:47-09:51 UTCattell et al, 2005. Z. The signature of the structure involves a large positive ex-
Energetic electrons (a few keV) are observed when thecursion ofBy, at S/C 2 and S/C 4, with very similar temporal
spacecraft is inside the CS, as monitored by the modulus oprofiles. The delay between ti&, signatures at S/C 2 and
B; (see Fig. 15). Outside the CS proper, in the CS Boundarns/C 4 suggests a propagation of the structure, as discussed
Layer (CSBL), large fluxes are still observed, but at muchin Sect. 4.3.2. The maximum d,(2), red dashed line, is
lower energies; less than 1 keV. Notice also that the electrorassociated with a reversal B,(2). There is also a reversal
flux is very anisotropic; in the CSBL the electron flux (be- in B.(4), but there is a small time shift between the zero of
low 1keV) is much larger in the parallel (bottom) and anti- B.(4) and the maximum o8B, (4). Unlike B,(2) andB,(4),
parallel (top) directions than in the perpendicular (middle). B,(3) does not yield a large excursion. YBi(3) shows a
Hence CSBL electrons show bi-directional electron fluxes.clear reversal, from positive to negative, with an amplitude
Disregard the lowest energy channel which is contaminateds large as for S/C 4 and larger than for S/C 2. A large pos-
by photoelectrons. Interesting to note that the most eneritive excursion ofB,(3) is observed at the same time as the
getic electrons are detected during the transignevents  reversal inB,(3). It is interesting to note that although po-
described before. sition in Z and plasma data suggests C3 should be closer to
the equatorB, is larger at C3 than at C2 and C4 indicating
that the current sheet appears to be filamented. Figure 16b
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CS thickness ang;, the ion Larmor radius, and with a high

B~100. Yet, during this crossing, the CS is quiet; neither fast
flows nor large amplitude fluctuations are observed. For this
moderately thin CS, westward drifting ions carry most of the

(iii)

Fig. 16. 1 October 2001, event, same format as Fig. 13. Notice that
By(4) can be deduced from, (2) via a time shift of~5s(a). On

(b) dashed red circles are tangent to the magnetic field measured by
C2, at 3 successive times. Dashed lines are intended to single out
the directions of thes for these instances.

further illustrates the nature of the magnetic field structure
at 09:47:45. The same presentation as for Fig. 13b is used.
Spacecraft are again ordered by their positions al6ggv.
Using B, as a proxy for the distance with respect to the CS
center, we find large rotations of the vec®yrprojected onto

the (Y Z) plane. As for Fig. 13b, the dashed circles have been
built as tangent to the magnetic field vector at C2, taken at 3
arbitrary times indicated by dashed arrows. A detailed inter-
pretation of Figs. 16a and b is given in Sect. 4.3.2.

4 Discussion and interpretation

After a short summary of the key observations, the two (iv)

events, 7 September 2001 (Event 1) and 1 October 2001
(Event 2), are discussed and interpreted based on different
models.

4.1 Event1: Summary of key observations

(i) The first crossing (at about 21:00 UT) corresponds to a
relatively thin CS,H~2000 km ¢2p;), whereH is the half

Ann. Geophys., 25, 1363389 2007

westward current.

(i) During the subsequent period of crossings (21:33—-

21:45 UT), H <D, the distance between the spacecraft
(D~1500-2000 km). Short lasting bursts of moderately
fast earthward ion flows<{300 km/s) are observed only
by S/C 3, near the CS center. Later, between 21:45
and 21:52 UT, whileH increases, fast earthward ion
flows (~600km/s) are observed by all S/C, together
with large amplitude fluctuations (f1 min). Magnetic
fluctuations are highly confined in the CS and the flow
velocity maximizes near the CS center This active CS
persists and remains thin for about 20 min, well after
the start of the large amplitude fluctuations at Cluster
(21:30 UT) and the development of the auroral bulge
(at about 21:29 UT from Polar and IMAGE). Transient
increases oB3, and H (transient dipolarization) occur,
for instance around 21:34 UT, but a long lasting increase
of B, andH (H~2 RE), and hence a large decrease of
Jy, only occurs around 21:52 UT.

During the active periodVy; is small and negative
(about—50km/s, on average), hence ions cannot carry
the westward current. Electrons have large negative
velocities, Vy,. This fast eastward drift of electrons
can be related to an electric field, pointing towards
CS centre. Then electrons drifting eastward faster than
ions can carry the current in this thin active CS (see
alsoAsano et al.2004). Bursts of fast eastward elec-
tron drift can also be associated with a modulation of
the thermal anisotropy of electrong;7.). Indeed

the current being maximum near the equator, the cur-
vature radius is very small near CS center, and elec-
trons could also exhibit strong curvature drift. lons are
less sensitive to strong curvature effects because they
are not adiabatic. Effectively, during the active period,
the electron distributions (not shown here) are often
very anisotropic {j>>7 ), thereby providing an alter-
native/complimentary mean of carrying ttig current,

as suggested hylitchell et al.(1990.

On average, the radial velocity, ,~V,;; thus we can
really speak of a flow. Yet the instantaneous value of
the electron flow velocity generally does not match that
of ions; it is much more fluctuating. This is indicative
of small scale field aligned currents (FAC). The cor-
responding/, has the same order of magnitude .&s
from curl B. The magnetic signatures of these small
scale field aligned currents (FAC) are seen®n(as
expected), but also 0B, .
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4.1.1 Event 1; interpretation of CS signatures with CD sociated with the passage of azimuthally traveling filamen-

model tary current structures/,). This is essentially what Fig. 11

shows: quasi-periodic fluctuations Bf, together with fluc-

Point (i) is puzzling; we knew that a very thin CS can persist tuations inB, and B;. On the other hand, the NENL model
for quite a long time (see, for instandditchell et al, 1990. does not require variations along(k,>0). If J, was more
Around 21:00 UT we do observe a relatively thin quiet CS or less azimuthally invariant, as expected for a CS structured
that lasts a long time, but present observations show that ahy a quasi-steady NL, the direction of the magnetic field vec-
active CS (with fast flow and large amplitude fluctuations) tor, projected on thekK;, B;) plane, would remain along a
can also last 20 min; Eventl is an example of such a “metagiven direction, and the sign &, would reverse only while
stable” thin CS. What is the nature of the corresponding fluc-passing by a radially moving NL.

tuations, and what causes the observed flow? Detailed information about the structure of filamentary
currents has been obtained by zooming in some of them
Nature of the fluctuations (see Fig. 13 and the corresponding discussion). Figure 13

(top panels) shows tha, (3) undergoes a positive excursion
S/C located inside the active CS detect large amplitude fluc{+10nT at 21:36:20 UT), whil&,(1), B,(2), andB,(4) un-
tuations together with fast flow bursts. Yet the magnetic fielddergo negative excursions. S/C 3 being at a lo®ethan
components3, measured by S/C located outside, or near theits companions, these opposite senses of variations indicate
CS boundary, weakly vary, which indicates that (i) the to- that a current density structure is located between S/C 3 and
tal current inside the CS is conserved, and (i) the fluctua-its companions. Given the respective locations of the S/C
tions are highly confined in the CS. Therefore these fluctua{see Fig. 7) the delays between the extrema&,0tan be in-
tions correspond to oscillations in the spatial distribution of terpreted as evidence for an eastward motion of the current
the current density inside the CS, associated with symmetristructure. Indeed, S/C 2 is at about the safres S/C 1 and
or antisymmetric modes of the CS, as expected for balloonS/C 4, but at a largeY. Hence S/C 2, which is to the west
ing modes and cross-field current instability. Both are ex-of the others, is the first one to detect the eastward moving
pected to propagate azimuthally. As described in Sect. 3.2.1structure. The dashed lines, built from the extremaBpf
The delay, obtained from the correlation lag10s) be- or more precisely from the mid-values of the corresponding
tween SC 1 and SC 2, corresponds to an eastward motion giositive or negative excursions (neglecting short lasting fluc-
~200 km/s, in the same direction as electrons that carry théuations), roughly correspond to the zerosB{1), B,(2),
current in the S/C frame. Then if we interpret the observedand B,(4), as expected for an eastward moving cylindrical
fluctuations as ballooning modes, they have to move easteurrent density. The fact that the zero®f(3) does not co-
ward. At first glance this is surprising, since drift ballooning incide with the maximum inB,(3) can be due to a residual
are expected to move westward, with drifting ions. Yet the B,, superimposed, or to a local dipolarization affecting pri-
proper frame for studying ballooning modes (as other modes)narily the S/C which is closer to the center of the CS. Any-
is the quasi-neutrality frame (see discussion in Sect. 2.1how, the maximum o, (3), at 21:36:20 UT, coincides with
where the equilibrium electrostatic potential is null (if such a the maximum ofB,(3), which is consistent with flux rope
frame can be found). For instance in the case of a Harris equimodels (see, for instanc&hurana et al.1995, where the
librium it is defined byVy,/T;+V,,/T.=0 (Harris 1962. magnetic field component along the axis of the tube, here
In a situation where the current is carried by electrons andB,(3), is maximum at the centre of the cylindrical structure.
T,>T, (hereT;/T,~5), the quasi-neutrality frame is very The observed magnetic wave forms are therefore consistent
different from the S/C frame; itis moving &y ~Vy,, (<0). with being the signatures of a more or less cylindrical cur-
In that frame (the QN frame) the ions and the associated balrent density structure moving eastward. In this structure the
looning modes are moving westward, as expected for driv-current is essentially along the X-direction, and the closest
ing unstable drift ballooning modes satisfying approximately approach occurs at 21:36:22 UT, for S/C 3. Figure 7 shows
w~kyVy,. Thus the observed magnetic fluctuations are likely that the distance between S/C 2 and S/C 1 (projected along
to correspond to ballooning modes. What is the relation be-Y) is about 1800 km. Given that the corresponding delay is

tween these modes and the structure of the currents. 95, the structure moves a00 km/s eastward.
Figure 11 shows that the flow velocity is often very un-
3-D structure of the currents steady; short lasting bursts are detected only by the S/C that

happen to be located inside the CS. Yet, unsteadiness does
As discussed in the theory section, ballooning modes pronot only result from entrance/exit in/from the CS. Indeed
duce an azimuthal modulation of thfg current, coupled via  when two or more S/C are located inside the CS, (as it is
V-J=0, to localized field aligned currents,(). The expected the case around 21:50 UT) they detect simultaneously flow
signature of ballooning modes is shown in Fig. 5; it consistsbursts. Therefore the time variability of flow bursts cannot
in a modulation ofB, (associated with an azimuthally trav- simply be due to fluctuations in the location of the S/C with
eling modulation of/;), and a modulation oB, andB; (as- respect to the location of the CS centre. According to the
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CD model enhanced flow bursts are due to sudden decreasdsl.2 Event 1. interpretation of CS signatures with NL
of the local current density, associated, ¥al=0, to field- model
aligned current structures. Indeéd,/dt is related toE,,
and hence td/,, via /,LoaJy/amazEy/azz, which is valid The observed thin current sheet interval is associated with
for a thin CS, and forV-Ex0 (see theory section). Thus fast, predominantly Earthward, flow with bursty enhance-
fast decreases i, produce bursts i, and hence fastflow ments inB,. These Earthward flows suggest that the re-
bursts. A fast decrease @f can either lead to an earthward connection region was tailward of the spacecraft. While the
or to a tailward flow burst, depending on the signBaf Ex- entire enhancement of the current sheet has a time scale of
amples of ions flows bursts, associated with positive excur-20 min, each flow enhancement has a time scale of minutes
sions of B, and increases in CS thicknegg)(are found near and is accompanied by bursB; enhancements. Burst sig-
21:36:20, 21:41:30, 21:45:40, and 21:52 UT (see Fig. 11)natures of the plasma sheet flows or magnetic disturbances
but theB, increase is short lasting. at the boundary of the plasma sheet have been interpreted as
being due to temporal variations in reconnection or to spatial
_ structures of the reconnection region, so that we are possibly
Quasi-steady transport of the plasma observing consequences of remote reconnection sites. Tran-
sientB; /B, features, for example, have been interpreted as

However a quasi-steady radial flow is often observed, superdue to flux rope/plasmoid due to multiple reconnection re-
imposed on the faster transient flow bursts discussed abové&ion (Slavin et al, 2003 or night side flux transport event
This quasi-steady flow is likely to result from the cumulative caused by bursty reconnectioBergeev et al2009, or due
effects of fluctuations generated beyor® £0, V,>0), or to field-aligned current as a consequences of the shear in
inside of (for B, <0, V, <0)) Cluster. To estimate the role of the fast flows localized in the Y directioNékamura et a.

the fluctuations in the quasi steady earthward transport we2003.

can use a paper bghen (1999, who gives a quasi-linear The flow seems to be centered near the center of the
description of the transport by large amplitude fluctuations.plasma sheet. Yet, magnetic signatures at the edge of the
He shows that in addition to the classical diffusion terms, plasma sheet suggest that these flows could be accompanied
there is a net radial transport associated with azimuthallyby Earthward directed current filaments confined to the edge
moving fluctuations k). It is important to realize that the of the plasma sheet as shown in Fig. 13. In Fig./1lis
direction of propagation of the low-frequency fluctuations mainly Earthward until around 21:42 UT and then turns to
(in the plasma frame) determines the direction of the radiaimainly tailward, when all the spacecraft eventually covers
transport. Fluctuations displayed in Fig. 11 have very largethe center of the plasma sheet. This change in the direction
amplitudes, B/ B~1), hence a relatively large transport is of J, is consistent with the closure of the Hall-current in the
to be expected. Using formula 54, fro@hen(1999, and reconnection region. Although the current sheet thickness of
the following parametersf;~0.2-0.4 (f; being the propor- Event1 is slightly larger than a typical ion scale, this closure
tion of resonant ions)y 4~ V;;,;~1000 km/s1,~10 000 km,  current mainly along the magnetic field was predicted to be
B~20nT and hence;~1000 km, we find that the net flow Observable even away from the ion diffusion region based on
velocity inward isV,~200-400 km/s, consistent with the ob- theoretical studiesTfeumann et al2006. In particular, the
served quasi-steady flow. Hence at least part of the earthobservations in Fig. 12 show that the contribution to the cur-
ward transport can be relatively steady and accounted for byent corresponding to the outer edge of the plasma sheet is
a quasi-linear description, such as the one described abovéonsistent with an inflow current toward the reconnection re-
This interpretation is consistent with the observation of largegion. Yet, the bursty features as well as the 3-D profiles seen

amplitude fluctuations which are regularly associated within Fig. 13 suggest that thé pattern due to an X-line tail-
fast flows. ward of the spacecraft is obtained only in an average sense

. . . . _,and that temporal/3-D processes are essential.
Hence, during the active phase, ballooning modes which P P

are observed to be confined in the CS, can possibly accourH
for bursty flows associated with localized current disruptions, ™

and/or quasi-steady flow, when the effect of these local accel: . . :
. L : Event 2 is an example of an active storm-time substorm cur-
erations is integrated over a broad region.

rent sheet. Cluster observed multiple current sheet crossings
The CD scenario has been used to interpret CCE observaassociated with flow reversals. The key observations can be

tions carried out at 7-8p, but there is nothing in the model summarized by sorting out the disturbances at different time

that prevents its applicability to regions located at larger dis-scales.

tances. Indeed, Image data show that Event 1, which is prob-

ably a pseudo- breakup, develops only at relatively large lat- (i) Substorm expansion phase30 min) During the first

itudes of>70° (H. Frey, personal communication), i.e., at signature of the substorm injection at geosynchronous

relatively large distances from the Earth. orbit, around 09:26 UT, Cluster was still near the CS

2 Event 2: Summary of key observations
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boundary, but the total pressure starts to decrease gradnay be activated. Another strong evidence for X-line con-
ually and continues to decrease during the subsequerftguration during this interval is that By showed systematic
thin current sheet intervals. Enhanced current densitieshanges during current sheet crossings, differently for tail-
were observed for about 20 min. It is interesting to noteward and Earthward flow as discussed in Sect. 3.3.1. This
that this time scale of the current density enhancementguadrupolar out-of-plane magnetic field component can be
is comparable to Event 1. interpreted as a manifestation of the Hall current system, re-
sulting from ion-electron decoupling within the ion diffusion
region with the characteristic scale of the ion inertial length.
Simultaneous multi-point observations by Cluster show the
spatial structure of the Hall region and also confirm that the
Eurrent sheet thickness is in fact less than an ion (oxygen)
scale Runov et al. 2003 2005. Furthermore, consistent
(i) Current sheet flapping (a few minutes) The observedelectric field directed toward the center of the current sheet
|arge amp]itude fluctuations are mo\/ing azimutha”y was identified viaEy, thanks to the fact that for this event

eastward and correspond to a flapping of the CS; hencéhe current sheet is sometimes largely tilted in 1t plane

the corresponding mode, for the current density, is anti-(Wygant et al. 2005.

symmetric. The active period (09:46-09:51 UT) de- Overlapped with this large-scale trend, peaks or reversals
scribed above (Fig. 12) corresponds to a thinning ofin B, are detected, with a time scale of several to 10s and
the current sheet, superimposed on the flapping; curren@ssociated fast flows. These events can be interpreted as
sheet profile estimated from a fit with an Harris current consequences of reconnection, reflecting temporal changes
sheet, and from the flapping of the current sheet, shown the reconnection rate and/or spatial structure of the recon-
that H decreases fromy3500 km to~1500—2000 km or  nection region or due to interaction with fast flows and am-
even thinner. As for Event 1, the large amplitude oscil- bient fields. The 09:47:45 UT event is another example that
lations (' ~100s), observed during Event 2, correspond such features are spatially limited both¥nand Z direction

to a spatial modulation of the tail curreft. Systematic but also limited in time to about 10 s, and can be multiple fea-
By changes are observed in association with the currentures. Inthe next section (4.3.2) this short duration, large am-

sheet crossings and with (anti-)correlationBafand B, plitude event is interpreted as an azimuthally moving current
during (Earthward) tailward flow interval. tube, with a tailward current. There are however difficulties

associated with this interpretation. For example.there is a re-
(iv) TransientB./B, peaks/reversals (a few, up to 10S) versal inB,(4), associated with the maximum £ (4), but
Large amplitude fluctuations are observed Bpand  there is a time shift between the zero®f(4) and the max-
B, in particular around 09:47, 09:48, and 09:49 UT; imum of B, (4), which is not expected for a moving cylin-
the corresponding 3-D structure can be deduced fromyrical current tube. These signatures could also be produced
the displays shown in Fig. 16. Accelerated electrons areyy multiple and tailward/eastward moving filamentary struc-
observed in association with these transient 3-D struc+yres located at the front of the tailward fast flow.

tures. It should be noted that these transient features are not

(v) Higher frequency fluctuations (less than 1s) Large am-ONy @ minor small features but can be essential in the re-
plitude fluctuations are also observed at much higherCO””eCt'O” process, since it is during this time interval, that
frequencies up to 10Hz (the maximum frequency for most accelerated electrons are observethda et al(2007) .
wave form transmission in the nominal mode), and be_showed how the supra-thermal electrons appeareq associated

with anotherB, transient around 09:48:50 UT, which could
well be explained by acceleration of bounced population at

4.2.1 Event2: Interpretation with NENL model the front of the outward flow region as predictedHbgshino

et al. (1998 in PIC simulations. Large-amplitude (up to

During the time scale of a substorm, this event shows re50 mV/m) solitary waves, identified as electron holes, were

versals from a negativ8, associated with tailward flow in  seen near the outer edge of the plasma sheet, within and on

the plasma sheet to a positi® and Earthward flow, as the edge of a density cavity, at distances on the order of a few
expected for an X-line configuration associated with recon-ion inertial lengths from the center of the current sheet be-
nection. The second tailward-to-Earthward flow reversal between 09:47 and 09:51 UTttell et al, 2005. Characteris-
tween 09:47 and 09:51 UT has been interpretedRkbjmov  tics of the electron holes, the association with electron beams
et al. (2003 as an evidence for a tailward moving X-line and the density cavity and the location along the separatrices
passing near the S/C, based on flBwrfelationships, direc- were consistent with reconnection simulation®odke et al.

tion of the curvature obtained from the current sheet cross{2003 with a guide field. In contrary to the large scale Hall-

ing. Multiple reversals of the flow are either due to the back- B, observed from the current sheet crossings, this compari-

and forth motion of this X line, or to different X-line that son rather suggest that electron holes may sometimes be an

(ii) Flow reversal €10 min) Tailward flows associated with
negativeB, and Earthward flow associated with positive
B, are detected. They overlap with shorter-time scale
disturbances as discussed below. Mainly two such shor
lasting reversals were detected during this interval.

yond such as solitary waves in the PSBL region.
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intrinsic feature of magnetotail reconnection and that effectthe NENL model a bipolar signature d® should be very
of a guide field exists also in this event. rare, and correspond to a radially moving X-line passing by
As can be seen in Fig. 9, there are significant contributionghe S/C (see discussion above). It is therefore important to
from oxygen during this interval. The heavy Oxygen pos- analyze theB,, B, signatures on the various S/C.
sibly allowed us to observe ion-scale phenomena even with During the 09:46-09:51 UT period we observe magnetic
a quite large separation between the spacecraft. Effects dfignatures that can be interpreted as signatures of local-
multi-component plasma in reconnection have been studiedzed FAC currents, in particular at 09:47:10, 09:47:45, and
by simulations, which predicted different speeds for oxygen09:47:40 UT.
and hydrogen ionsShay and Swisdak2004), which was From the signatures being different at different S/C lo-
also the case for the 1 October event (not shown). ThénO  cations, we infer that the transverse size of these structures
the reconnection region was suggested to experience a bals smaller than the distance between the S/C (about 1500-
listic acceleration\(ygant et al. 2005 based on the obser- 2000km), at least along (see Fig. 7). In particular S/C 1,
vation of a large amplitude bipolar electric field (60 mV/m) hardly detects the signature of the structure. S/C 1 being
observed by EFW directed normal to the current sheets fothe northernmost S/C this lack of detection indicates that the
the same event. structure has a small size, and is located well below S/C 1.
In summary, this active substorm current sheet shows overThe signature of the structure involves a large positive excur-
all features quite consistent with reconnection. There is nosion of B, on S/C 2 and S/C 4, with very similar temporal
clear guide field observed for this case, and the ovetall ~ profiles. S/C 2 being to the west of S/C 4 the delay between
changes associated with, changes were consistent with the By signatures at S/C 2 and 4 suggests an azimuthal prop-
those due to Hall-effect in an X-line geometry. Yet, the eventagation of the structure, as mentioned in Section 3.3.2. The
cannot be explained by a simple tailward retreat of a large-maximum ofB,(2), red dashed line, is associated with a re-
scale X-line since several reversal of tailward to Earthwardversal inB;, as expected for an azimuthally moving current
flow were observed. Furthermore, there are transient featube. There is also a reversal By (4), associated with the
tures with large amplitude iB, and By, indicating that such ~maximum of B, (4), but there is a small time shift between
processes should be localized alsd@inSuch three dimen- the zero ofB,(4) and the maximum oB,(4), which is not
sional, transient structures can play a significant role in elecexpected for a moving current tube. This time shift maybe
tron dynamics. That is, even if there is a background 2-Ddue to a non null ambiern&,, which can be associated with
X-line type configurations with time scale exceeding 10 min, the thickening of current sheet, as monitored by the decrease
it contains essential processes taking place at least as loca®f B(1), in average. Unlikeé, (2) andB,(4), B,(3) does not
ized transient phenomena, from several ion gyro scale dowryield a large positive excursion. Y&t (3) shows a clear re-

to electron scale. versal, from positive to negative, with an amplitude as large
as for S/C 2 and S/C 4; hence S/C 3 is not farther from the
4.2.2 Event 2: Interpretation with CD model structure than S/C 2 and S/C 4. Given the lower location of
S/C 3 we are led to conclude that S/C 3 crosses the cylindri-
The overall good relationships between negafiyend tail-  cal current structure near its center, thereby explaining why

ward flows and positiveB, and Earthward flow are inter- the signature o, (3) is weak, while the signature & (3)
preted in the CD model as being due to the balance betweeis large. The large positive excursion Bf (3) observed at
the amount of current reduction due to disruption and thethe same time as the reversalBn(3), is consistent with this
ambient field as discussed in Sect. 2.3. interpretation. Indeed a large axial field, pointing along the
The large amplitude oscillationg’¢-100 s) observed dur- direction of the current, is found in the central region of most
ing Event 2 can correspond to an anti-symmetric kink modecurrent tubes models (see, eglavin et al, 2003, including
(see, for instancd)aughton 2002 for more details) which  force-free models. This also explains wBy(3)> B, (2) and
gives an odd parity perturbation for the current dendity B, (4); B, should be larger at the S/C which is the closest
(see Fig. 2), driven unstable by a large azimuthal curfgnt  to the center of the current tube. Thus, apart from the de-
or to an anti-symmetric ballooning modes, also with an oddlay mentioned above, the magnetic signatures at the various
parity of the current density perturbation, driven unstable byS/C are consistent with a cylindrical current structure carry-
the pressure gradient associated with this current. In the COng a tailward current, and moving eastward, with a small
model the large amplitude fluctuations play an active role;impact parameter for S/C 3, and passing successively be-
they modulate/,, which produces, vi& -J=0, localized field  low S/C 2 and S/C 4. The cross section of the cylinder (in
aligned current structured,(). In other words the magnetic the YZ plane) is smaller than the distance, projected along
structure is 3-D; it results from the combined effects of a Z, between S/C 3 and S/C 1, and comparable to the dis-
modulation ofJy, and the signatures of FAC. On the other tance between S/C 3 and S/C 4 (also al@)gnamely a few
hand an X-line, should produce planar sheets of Hall currentd 00 km alongZ. The delay between the peaksBpat S/C 2
along the separatrices, and therefore have a large spatial eand at S/C 4 is~5s, for a distance of about 1000 km (see
tension along’ (quasi-invariance by translation aloig. In Fig. 7), then the cylindrical current structure moves eastward
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at~200km/s. This delay is comparable to the characteristictuates much more tha¥,;. These fluctuations can be due
time of crossing of the structure. Hence the size of the tubdo small scale field-aligned current, §, or to uncertainties
is about 1000 km, along. in the determination of the electron velocity, in a situation
Assuming a cylindrical tube with a radius of about where the ratio of the electron velocity to the thermal veloc-
1000 km, for§ B~40nT, we getJ,~60nA/nt (tailward), ity is much smaller than unity. The estimated ion velocity
corresponding to a parallel drift between electrons and ionsVy; is eastward, during the active period, 21:32-21:52 UT,
of 4000 km/s (forN~0.1/cn?). Data from PEACE are con- but the averag®,, is also eastward, and larger in absolute
sistent with the direction and the order of magnitude of thevalue. Hence the differential drift between electrons and ions
current given above (on S/C 3 we gets—110 nA/nt). Fig- can carry the westward current. Furthermore low-frequency
ure 16b further illustrates the nature of the magnetic fieldelectromagnetic fluctuations are found to move in the same
structure at 09:47:45 UT. Spacecraft are again ordered byeastward) direction as particles. During the active period
their positions alongZgsm. Using B, as a proxy for the fast earthward flows (300—-600 km/s) are observed by S/C lo-
distance with respect to the CS center, we find that the rocated in the CS, which suggests that the flow velocity max-
tation of the vectoB, projected onto thel{Z) plane, is not  imizes at the CS center. The persistence of this earthward
consistent with a planar current sheet, quasi-invariant alondlow is difficult to explain; it implies a quasi-steady accel-
Y. Indeed the magnetic field variations, shown in Fig. 16b, eration at or beyond Cluster, for about 20 min. During the
especially on S/C 2 and S/C 4, give evidence for rotationsactive phase of Event 1 no signature of the crossing of an
of the magnetic field in a plane perpendicularXo As  X-line is identified. Signatures of local dipolarizations are
for Fig. 13b, the dashed circles have been built as tangenfiound (in particular near 21:36 and 21:52 UT) but their du-
to the magnetic field vector at S/C 2, taken at three arbi-rations are shorter than the duration of the active period. An
trary times indicated by dashed arrows. The eastward moX-line and/or a CD, located beyond Cluster, could account
tion of these centers confirms that a more or less cylindricaffor the observed Earthward flow, if they can last 20 min. In
structure moves eastward. Magnetic signatures are consistetite later case, the motion of the dipolarization and the cor-
with a J, < 0 current filament (i.e. a tailward current struc- responding dissipation/diffusion of the current would have
ture moving eastward). The agreement is quite good, at leagp occur beyond Cluster, and to be quite slow (100 km/s for
before 09:47:50 UT. After 09:47:50 UT th®, component, ~20Rg). The first large amplitude fluctuation and flow burst
at S/C 3, becomes negative over a time scale longer than thebserved around 21:36 UT might correspond to the passage
duration of the structure, hence the quasi constant negativef this dipolarization front at Cluster. These large amplitude
B,, observed after 09:47:50 UT, is not considered as a sigperturbations move eastward, which suggests that the reduc-
nature of this structure. The rotation of the magnetic vectorion in the tail current is achieved via a series of eastward
together with the time lags between maxima®nand B, traveling partial dipolarizations/current disruptions. Keep in
confirm that we are crossing filamentary current structure andnind that Event 1 is a probably a pseudo-breakup developing
that the S/C cross (S/C 3), or pass by (S/C 2 and S/C 4) thenly at high latitudes.
current filament not only in the west- east direction (as for The second event is much more active than the first one.
7 September), but also in the north- south direction (becauséhe observed flapping of the CS corresponds to an az-
the CS is flapping). imuthally propagating wave. A reversal in the proton flow
velocity, from —1000 to +1000 km/s, has been identified on
protons measured by CODIF, during Event 2 (at 09:48 UT).
5 Conclusions Significant O~ contribution in pressure, density but rather
minor contribution in current was observed. The @ow
The multi-point observations of Cluster S/C are particularly velocity also reverses, but the velocity jump is much smaller
useful to unfold the nature of thin current sheets. For Event 1{—100 to +100 km/s). This multi-component plasma effect
a thin CS H~2000 km~2p;) was found to be quiet, and could have affected the structure (scale-size) of the “thin”
to have a current density, carried by ions. Conversely current sheet and the acceleration process of these particles.
a slightly thinner CS K ~1000-2000 knv1-2p;), crossed The overall flow reversals and associated changes in sign of
about 30 min later, was found to be active, with a mixture of B, and relationships betwed and B, suggest observation
fast earthward ion flow bursts (300—-600 km/s), together withof X- line crossings and associated Hall-effect observations.
somewhat slower quasi-steady flows (200—400 km/s), and sitn particular, the magnetic signatures from four spacecraft
multaneous large amplitude fluctuatiod®( B~1). During during the second tailward-to-Earthward flow reversal, be-
~20min (21:32-21:52 UT) the CS thickness remains smalltween 09:47 UT and 09:51 UT, have been successfully inter-
(though with large fluctuations); a large thickening only oc- preted in terms of Hall currents associated with an X- line
curs at 21:52 UT. Thus an active CS can remain “meta-that moves tailward around the S/C (see dRmov et al.
stable” for quite a long time. In this active CS the elec- 2003. Yet, we cannot explain the period by a simple tail-
tron flow velocity V,, is, in average, close to the ion flow ward retreat of a large-scale X-line since several reversal of
velocity V,;, hence we can speak of a flow. Y®t, fluc- tailward to Earthward flow were observed. If CD is achieved
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