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Abstract. We present observations of three magnetic fluxlobe field lines. The remaining X-lines in the system, and
ropes in the tail of the Earth’'s magnetosphere on 7 Au-the loops of magnetic flux in between them, would then be
gust 2004 by the Cluster and Double Star TC-1 spaceswept Earthward or tailward depending on their location with
craft. The first two flux rope signatures were observed, nearrespect to the fastest, dominant, X-line. If there is a cross-tail
simultaneously, by Cluster and TC-1, which were locatedcomponent of the magnetic field present in the magnetotail,
at (-16.3, -8.7, 0.1z GSM and (-10.3, —-7.11, 0.8R) the reconnected flux that lies between the X-lines is expected
GSM, respectively, a separation of ®3. A third signa-  to form helical structures of magnetic flux, or magnetic flux
ture was observed some four minutes later by two of the fouropes (Hughes and Sibeck, 1987). The simplest model of the
Cluster spacecraft, while the other two spacecraft observed #ux rope is known as the force-free flux rope (e.g. Lepping
feature resembling a Travelling Compression Region (TCR).et al., 1990), which is the minimum energy configuration for
These observations are interpreted as three individual flwhelical magnetic fields. The force-free model is so-called be-
ropes existing in the magnetotail, the first two, at least, si-cause currents in the flux rope run parallel to the direction
multaneously. The formation mechanism of the flux ropesof the local magnetic field, i.e. the magnetic component of
and the consequences of their presence for the structure @fie Lorentz force,J x B, is equal to zero. The structure of
the magnetotail on this day are discussed in the context ofhe ideal force-free flux rope is cylindrical with an azimuthal
multiple X-point reconnection. magnetic field at the edge of the rope which becomes in-
creasingly directed along the axis of the rope toward its cen-
ter. Flux ropes, similar to those described by a force-free
model, have been observed by Geotail, moving both Earth-
ward, embedded in bursty bulk flows, and tailward, as so-
) called plasmoid type flux ropes (Slavin et al., 2003a). Earth-
1 Introduction ward moving flux ropes have also been observed by Cluster

. . (e.g. Slavin et al., 2003b; Henderson et al., 2006), which im-
A Wldely invoked substorm model, the Near-Earth Neutral plies that multlple X-lines may exist in the tail within X

Line (NENL) Model (e.g. Baker et al., 1996), involves recon- of the Earth.
nection at a neutral point in the near-Earth tail. However this

model does not emphasize the possibility of reconnection at Eh(tare 'T ?_thetorilncal basis fgr !\/IXRt(Z\INlnl%rggnnr,] 1983),
more than one site in the tail, or so-called multiple X-point and Its refation 1o Tiux ropes (Ogino et al,, ), however
reconnection (MXR). If they exist, multiple X-points need observational evidence is often based on measurements taken

not be reconnecting at the same rate (Schindler, 1974). Eac?'therEby t?NsmgIetsplacggBasft orOe;Jt a smgle Ioc?tl?n |r; the tail
of the X-lines would first have to reconnect closed, plasma] et.g(.j taSMXORO fe al., I )fll serva |0n_stp struc lftres re-
sheet field lines before reaching the open field lines of the2t€d 10 » for examplé Tlux ropes, existing simuftane-

lobes. The fastest reconnecting X-line would thus begin toOUSIy at different locations in the tail would provide valu-

reconnect open lobe field lines before the others, resultin%ble extperlmentlal Swdenge forfthe t?ﬁoré'l Irlth's pdapE)er V;)’F
in the fast jets that are characteristic of the reconnection o resent unusual observations from the tiuster and Double

Star TC-1 spacecraft of two flux ropes that we interpret as ex-
Correspondenceto: A. P. Walsh isting simultaneously in the tail, separated by approximately
(apw@mssl.ucl.ac.uk) 6 Rg, and a third flux rope observed by Cluster some 4 min

Keywords. Magnetosphere (magnetotail; plasma sheet,
storms and substorms)
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1888 A. P. Walsh et al.: Cluster and Double Star flux ropes

later. To the best of our knowledge, these are the first such At22:50 UT Cluster observed a plasma sheet-like electron
observations. population (Fig. 1, panel & ~5 (Fig. 1, panel c) and &,
~=10nT (Fig. 1, panel d), indicating the tetrahedron was lo-
, cated in the central plasma sheet south of the neutral sheet.
2 Observations A short-lived weakening oB, to ~—2nT at 22:58 UT, ac-
companied by an increase in the plasfto ~10 indicates
that the spacecraft moved closer to the neutral sheet but did

Between 7 August 2004, 19:00 UT and 8 August 2004 not cross it. A neutral sheet crossing occurred at 23:02 UT,
00:30 UT, the Auroral Electrojet (AE) index (not shown here) indicated by a change of sign By from negative to positive,
shows four small enhancements, indicating increased magnéd@in accompanied by an increasgito ~10. At 22:50 UT,
tospheric convection, at18:50 UT,~20:05 UT,~21:20 UT VL Was close to zero. Between 22:58 UT to 23:03 UT how-
and~23:00 UT. During this interval the Cluster tetrahedron €VET: at the time of the neutral sheet encounter and cross-

and Double Star TC-1 were approximately conjugate in thel"d v1x Strengthened, reaching a value of approximately —
post-midnight sector of the Earth’s magnetotail. We will

300km st (Fig. 1, panel h). This tailward-directed fast flow
concentrate on the fourth AE enhancement in this period &Y indicate the presence of an active reconnection X-line
thought by Nakamura et al. (2005) to be related to a subEarthward of Cluster. _

storm with an onset at 23:00 UT. IMAGE-FUV (Mende etal., _ Shortly after the neutral sheet crossing at 23:02 UT, the

2000) observations (not shown here) reveal two bright Spotg:luster-space.craft e.ncountered the neutral sheet again. In
in the aurora at 23:00 UT, separated £§° magnetic lati- the period 23:04-23:10 UT C1 and C4 remained predom-

tude and 2h MLT, while onset of the auroral substorm oc-inantly north of the neutral sheet, C3 predominantly south
curs at 23:09 UTRrey and Mende, 2006). During this inter- of the neutral sheet while C2 crossed it three times. This
val the four Cluster spacecraft (henceforth referred to as Cll,ndmates that the current sheet was thinner than, or as thin

C2, C3 and C4), configured in an approximately equilateralas' the greatest separation of the Cluster spacecraft. From
tetrahedron of side-1000 km, were located at (—16.3, 8.7 23:06 UT to 23:09 UT a stronger tailward fast flow was also

0.1)R; GSM. Double Star TC-1 was located at (—10.3, —7.1, Measured(; . ~ ~700km ) and enhanced electron fluxes
0.8) R GSM, a separation of 6 B, from Cluster (GSM co-  Were seen. At 23:09 UT all four spacecraft exited the thin
ordinates will be used throughout this paper, unless otherwis&UITent sheet region, moving north of the neutral sheet. The
specified). At this time the Geotail spacecraft was located aP'@Smap dropped below 1 at this point, and remained close

(17.2, 6.0, 3.9R, upstream of the Earth, providing a solar to 1 until ~23:25 UT, placing the spacecraft cIosgr to t.he
wind monitor. The IMF (not shown) was directed predom- Plasma Sheet Boundary Layer (PSBL) during this period.
inantly southward from 21:00-22:00 UT, turning northward Between 23:27 UT and 23:33 UT, the tetrahedron crossed

at 22:00 UT and remaining that way until the end of the inter- (€ neutral sheet again,, measuring a plasma with hotter elec-
val. The IMF was, however, dominated by a posit&euntil trons then previously and a high An Earthward—dlrecteq
22:45 UT at which point a change B caused the clock an- fastflow of~400km s1was also detected, now suggesting

gle to rotate from~80° to ~4(°. At 23:20 UT the clock an active X-line tailward of Cluster.

2.1 Event context

angle returned te-80°. The presence of &,-dominated We will focus on a period beginning at 23:12 UT, when
IMF might have caused a twisting of the tail along its axis (e Spacecraft briefly returned to the central plasmzismm(
(e.g. Cowley, 1981). small) and a short E:_arthward flow of . ~ 200 km s~ was
detected, together with a south-north bipolar signaturg,in
2.2 Event overview and a peak irB, (Signature 1). A smaller south-north bipo-

lar signature was seen by Cluster at 23:16 UT (Signature 3),
In Fig. 1, we give an overview of the interval of interest accompanied by Earthward flows of120kms 1. At both
(22:50 UT-23:50 UT) for Cluster and TC-1. Panel (a) is atimes enhanced electron fluxes were seen.
PEACE (Johnstone et al., 1997) electron spectrogram from At 22:50 UT TC-1, like Cluster, was located south of the
C1 and panel (b) the equivalent PEACE (Fazakerley et al.tail neutral sheet in the plasma sheet. At 22:59 UT, the space-
2005) spectrogram from TC-1. Panel (c) shows the plasmaeraft crossed the neutral sheet and remained in the northern
B from C1 (protons) and TC-1 (ions). Panels (d—g) show theplasma sheet until 23:05 UT, after which it crossed the neu-
three components and magnitude of the magnetic field frontral sheet several times before 23:21 UT and then remained
FGM on all four Cluster spacecraft (Balogh et al., 2001) andpredominantly south of the neutral sheet until the end of
TC-1 (Carr et al., 2005). Panel (h) shows theomponent of  the interval. HIA observed Earthward-directed flowsvof,
velocity perpendicular to the magnetic field, projected onto~150kms* from 23:04 UT to 23:08 UT and 23:10 UT
GSM axes {1,) from CIS-CODIF (protons) (Bme et al., to 23:14 UT at which time a flow reversal occurred and
2001) for C1 and C4 and HIA (ions) @Rne et al., 2005) for v,, changed to~—120kms?1. These flows lasted until
TC-1 (the TC-1 velocity has been multiplied by 2 for clarity). 23:21 UT. A south-north bipolar signature By (Signature
This quantity is a proxy for magnetic flux transport. 2) was observed at-23:12 UT. Given that the plasméa

Ann. Geophys., 25, 1887-1897, 2007 www.ann-geophys.net/25/1887/2007/
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remained~2 after the initial neutral sheet crossing it can be
inferred that TC-1 was located in the central plasma sheet _
throughout the interval. The presence of plasma sheet-like =
electrons in the PEACE spectrogram confirms this. Between
23:05 UT and 23:35 UTB, increased steadily from 5nT

to 19nT, the magnetic field near TC-1 becoming increas-
ingly dipolar in character, consistent with reconnection oc-
curring in the tail throughout this interval. However between
23:05 UT and 23:25 UT thé, component decreased by a
similar amount, although the magnitude of the magnetic field
remained approximately the same. This is consistent with a
rotation of the tail about its axis, and may be related to the
IMF clock angle rotations observed by Geotail. These Clus-
ter and TC-1 data, have been interpreted by Nakamura et al.
(2005) in their study of dipolarizations during this event as
indicating the presence of a “source of disturbance” (which
we have interpreted as at least one reconnection X-line) lo-
cated between TC-1 and the Cluster tetrahedron.

1000 4 satE-02%

2.80£-02 1
@
1.286-02
@
5.856-03 E

271E-03

Energy (eV) Energy

2.3 Flux rope observations

The south-north bipolar signatures observedinby Clus-
ter and TC-1 at 23:12 UT (Signatures 1 and 2, respectively)
were accompanied by peaks see®inand|B|. While bipo-
lar signatures in the magnetic field can be caused by numer- = “o
ous phenomena, the observation of a well-formed core field > Zo-
in these events means that these signatures can be interpreted® ~°%°-

)

1
) X . 22:50 23:00 23:10 23:20 23:30 23:40 237:50
in terms of a simple flux rope model as an Earthward moving Universal Time

flux rope passing over the spacecraft. This is supported by
the observed direction af, at both Cluster and TC-1, and

the results of 4-spacecratt timing on the pealsinby Clus- Fig. 1. Overview of the event. PanéR) is a PEACE electron

ter, which determined the propagation v_eIOC|ty of Slgnaturespectrogram from Cluster 1, Par(8) the equivalent spectrogram
1.acrc_)ss the tetrahedron to b_e 146 krh in an Earthward from Double Star TC-1. PanéC) is the plasma beta for C1 (black)
direction, comparable to the ion measured ion flow veloc-4nq T¢-1 (magenta), calculated from CIS-CODIF and HIA, respec-
ity, v,.. The flux rope signatures and exact times of the en+jyely, and FGM. Panel¢D), (E), (F) and(G) show the GSM X,
counters at C1 and TC-1 are shown in Fig. 2. The time ofy and Z components and magnitude of the magnetic field, respec-
a flux rope encounter is defined here as the time at whichtively, for all four Cluster spacecraft (C1 — black, C2 — red, C3 -
the local maximum iffB| is seen by a spacecraft. The four green, C4 — blue) and TC-1 (magenta), as measured by the FGM
Cluster spacecraft each encountered the flux rope betwednstruments. Pang¢H) shows GSMv , the velocity of magnetic
23:12:14 UT (SC3) and 23:12:21 UT (SC4) and TC-1 en- fluxtransport, as measured by CIS-CODIE(Ql, bla(.:k find C4, blue)
countered a flux rope at 23:12:28 UT. Note that bipolar signa-2nd HIA (TC-1, magenta). The TC-1 velocity is multiplied by 2, for
tures observed in the GSM coordinate frame (Fig. 2, panel cf'a”ty' The two Ve.rt'cal dashed lines m"’Trk the times of Sp"’.lcecraﬂ
_ ) encounters with Sighatures 1 & 2, and Signature 3, respectively.
need not pass througB,=0 to represent a flux rope; flux
ropes are not necessarily perfectly aligned with a GSM axis.
A coordinate frame closer to the natural frame of the flux
rope will reveal a true bipolar signature in one of its compo- Sect. 3. The signature seen by Cluster at 23:16:24 UT (Sig-
nents. Figure 2, panels (e—j), show the flux rope signatures ifature 3) was not the same over all four spacecraft. C2 and
such a coordinate system, as determined by minimum variC3 saw a bipolar signature in GSKt, and peaks irB, and
ance analysis (MVA) (Sonnerup and Cahill, 1967). In the |Bl, whereas C1 and C4 observed a bipolar signatut; in
ideal case, for a force-free flux rope, the bipolar signature isand peaks irB; and|B|. The observed signatures are consis-
usually found in the maximum variance component and thetent with the passage of an Earthward-moving flux rope for
core field in the intermediate component (Xiao et al., 2004).C2 and C3, and an Earthward-moving travelling compression
Similarly to Slavin et al. (2003a), who used a force free flux region (TCR) (Slavin et al., 2005) for C1 and C4.
rope model to refine MVA results, we have also analysed The flux rope signatures are all of short duration (be-
the flux rope signatures with another technique, discussed itween 9 and 20s), therefore high-time resolution data are

www.ann-geophys.net/25/1887/2007/ Ann. Geophys., 25, 1887-1897, 2007
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= Fig. 3. PanelqA) and(B) show pitch angle-time spectrograms for
e HIA on board C1 and C3, respectively, and pan@sE) GSM
f components of the magnetic field for all 4 Cluster spacecraft (colors
= as before). Signatures 1 and 3 are marked by magenta dotted lines.
o 20F 3 9
=0 i S 1 data is normally available for TC-1. In order to provide a
< '° 1 S-S high enough number of data points for effective MVA, a 4-
= L J F : b . ge . . .
g \ ‘ s sliding window average was applied to the raw magnetic
! : field data, removing any high frequency components, includ-
— 10f r 3 . . . . . .
& o i ‘ 1 ing much of the contamination. A spin axis offset correction
2 i AR was then applied to ensure that the time series conformed to
0
s Lt I VA T the spin-resolution data values.
—-10
12:00 12:15 12:30 12:45 16:00 16:15  16:30 16:45 17:00 .
Universal Time (mm:ss) Universal Time (mm:ss) 24 Ion beam Observatlons

Figure 3 shows ion pitch angle data from the CIS-HIA in-

Fig. 2. Flux rope signatures for all four Cluster spacecraft and TC-1 Struments on board C1 and C3 (panels a and b, respectively)

(trace colors as for Fig. 1, panB). Panel{A-C) show the three ~ and the three componentsBffior C1-C4 (panels c—e). Sig-
GSM components of the magnetic field, and panel (D) the magni-natures 1 and 3 are marked here with magenta dotted lines.

tude of the magnetic field. PandE—G) show Signatures 1 and 2 Earthward-directed, field-aligned ion beams were observed
in minimum variance coordinates. Pan@ts-J) show Signature 3 just after the encounter with Signature 1, and before and af-
in minimum variance coordinates. The Cluster data in Panel3)(E- ter Signature 3. These ion beams were detected in energy
are in a minimum variance coordinate frame calculated from C2 & pins above~4 k eV and are accompanied by a weakening of
Signature 3,. while the TC-1 data are in a coordinate frame caIcu-Bx and a strengthening d.. The beams are stronger and of
lated from Signature 2. longer duration at C3 than C1 and show no evidence of ve-

locity dispersion. Similar ion features are seen at C3 at 23:19

and 23:20 UT, however there is no indication in the magnetic
required for accurate MVVA. While Cluster FGM has satis- field data of any flux rope-like structures. No such ion fea-
factory time resolution, because of contamination from thetures are seen in the TC-1 data, around the time of Signature
spacecraft magnetic field, only spin (4 s) resolution FGM 2 or otherwise.

Ann. Geophys., 25, 1887-1897, 2007 www.ann-geophys.net/25/1887/2007/
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3 Data analysis 15
= 10
The observations of Sighatures 1 and 2 may either be inters
preted as a single flux rope seen at Cluster then TC-1 in quicks
succession, or two individual flux ropes existing in the tail ~ -18
simultaneously. For one flux rope to be seen at two space-
craft, separated by 6 B, within a few seconds, it has to be
orientated in such a way that its propagation velocity allows
it to cross each spacecraft at the correct time. It is essen-= ',
tial, therefore, to confidently determine the axis orientation . 10
of each flux rope signature.

Rope By (nT)

U N TR A T

Rope Bz (nT

3.1 Flux rope modelling

While MVA has been used to successfully obtain an estimate
of the orientation of a flux rope axis (e.Bastwood et al.,
2002), fitting magnetic field data to a specific flux rope model —
often provides a more comprehensive result (e.g. Mulligan ~ °=———
et al., 2001). Here we will use a simplified version of the ' ' ‘Universal Time (mm:ss) ’ '
cylindrically symmetric flux rope model described by Mulli-
gan and Russell (2001) to determine the orientations of each
flux rope Signature, and hence whether the data represer’fﬂg. 4. Model fits for Signature 1. The thick dashed lines represent
more than one flux rope. This model was chosen becausthe model flux ropes, the thinner solid Iings the FGM data. (;olours
it does not assume flux ropes to be in a force-free state anfS Pefore. PanelA-C) show the three field components in the
Henderson et al. (2006) reported flux ropes seen in the Clusf—qu rope model frame and pan@®) the total field. Data have b.een
offset by —12, 3, 18 and 30 s for C1, C2, C3 and C4, respectively.
ter dataset that were not force free. Three vector components

of magnetic field are modelled as follows:

Bl (nT)

LR RS AN AR R AR L

z 7(%)" where  Bymodeb By'modeh Bz/mode) represents the model
By =B,—|[1—¢e \ Q) , > . :
R field rotated into GSM coordinates using and p,
(By'data Bydata Bdata the data from FGM andB,., the
_(L)’" residuals.
By = Bge \%! 2 . . .
Figures 4, 5 and 6 show the model fits for Signatures 1,
. o\ 2 and 3, respectively. Panels (a—c) in each figure show the
B, =—B,— [1 — e_(W) ] 3 three components of the magnetic field in the flux rope model
R frame, and panel (d) the field magnitude. The solid lines

represent the FGM data and the dashed lines the model fits.
For the purposes of fitting the model, the edges of each flux
rope signature in the data were defined as the points of in-
flection in the bipolar signature seen in GSB4. In Fig. 4
data from C1, C2, C3 and C4 are time shifted for clarity by
—12, 3, 18 and 30s, respectively. In the cases of C1 and C4,

where B, and B, represent axial and poloidal magnetic
fields, respectivelyR is the distance to the flux rope axis;
[ is the radius of the flux rope ang,, o,, m andn are di-
mensionless parametensandz represent the spacecraft po-
sition within the flux rope, and are generated from an im-

pact parameter. In this coordinate system, ghdirection the model fit underestimates the contribution of GBMto

points along the flux rope axis,along the spacecraft trajec- . . S A
tory andz completes the right handed set. Note that there iSthe total field while overestimating the contribution made by

no boundary condition setting the axial field to OnT at the GSM B, during the early part of the rope interval. If th?
) . data are rotated into the model frame, however, the major-
flux rope edge. Two rotation anglésandp (rotations about . Co .
ity of this discrepancy becomes confinedBp component,

the modelx andz axes, respectively, applied to the model . ) .
: : i.e. along the spacecraft trajectory. Since the model assumes
field), as well asB,, B,, 04, o, m, n and the impact pa-

rameter must be optimised, then, in order to determine th Cylindrical symmetry, any discrepancies between the model

orientation of a flux rope axis. This fit is obtained throughﬁflux ropes anq magnetic field qata might be explalneci by a
L : lack of cylindrical symmetry, which could be caused by “col-
minimisation of the response function

lisions” between the flux ropes and the plasma and magnetic
2 . 2 _ 2 fields ahead of them distorting the flux ropes from an axially

Bies = (Bydata— Bumode)” + (By'data— Bymode) symmetric shape (Slavin et al., 2003a,b). In Fig. 5 it is again

+ (Bz,data— Bz’model)z (4) the GSMB, component of the model field which fits the data

www.ann-geophys.net/25/1887/2007/ Ann. Geophys., 25, 1887-1897, 2007



1892 A. P. Walsh et al.: Cluster and Double Star flux ropes

Table 1 lists the axial and poloidal field strengths, rotation

T osp e e angles, impact parameters and radii returned from the model
B0 - : fits, as well as the estimated magnetic flux through the flux
& b ) = E rope and the angle between the model axis and the MVA axis
-30F ] discussed above, for the spacecraft relevant to each signature.
20k B The impact parameters and radii were initially returned in

time units, calculated from the spacecraft travel time through
the flux rope signature (cf. Khurana et al., 1995), before be-

= T~ 3
ng E ing converted to kilometres by multiplying by the ion veloc-
10 1 . . .
= WE ) B //ﬂcj ity (v1) as projected onto the plane perpendicular to the flux
e Oé:f’f e \ e \7 rope axis. This should eliminate any overestimation of radii
g f \../ E and impact parameters from spacecraft trajectories not per-
@ ’5§ E pendicular to the rope axis, which are not considered in the
758; 1 model equations. Any changes in magnetic field behaviour
= 201 —— /f along a flux rope axis are assumed to be negligible on the
-0 21\,,7%”\ / e — 4 scale of these observations.
m? - E The model fits for Signature 1 return rotation angles for
1?:45 12.00 1215 12.30 1945 1300 1315 the four Cluster spacecraft that are mutually consistent to

Universal Time (mm:ss) within 7° and 22 for  and p, respectively. This consis-
tency increases confidence that the modelled rotation angles
are correct, despite the differences in the magnetic field ob-
the model flux rope, the thinner solid line the FGM data from TC- served by each spacecraft. F_urtherm_ore, the |mpac_t parame-
1. Panel§A—C) show the three field components in the flux rope ters returned are largely consstent with the separation of _the
model frame and panéD) the total field. Cluster tetrahedron, as projected onto the plane perpendicu-
lar to the flux rope axis. In the case of Signature 3, the angles
are also consistent between the C2 and C3, however the dif-
ference in impact parameters between the two spacecraft is
too small when compared with the separation of the Cluster
tetrahedron, and therefore the flux rope radii and enclosed
magnetic fluxes calculated for Signature 3 are likely to be
underestimates.

The difference in enclosed flux between Signature 3
(~10kWb) and Signatures 1 and 26§0-80 kwb) might,
then, be a result of this underestimate, rather than Signature
3 representing a much smaller flux rope. Again, a depar-
ture from cylindrical symmetry could explain this underesti-
mate. In comparison with the tens of kWb enclosed by the
flux ropes, which are expected to either be connected at both
ends to the Earth, or to the IMF in the magnetosheath, a typ-
ical substorm can close several tenths of GWb of open lobe
flux (Milan et al., 2004).

Fig. 5. Model fit for Signature 2. The thick dashed line represents

. 3.2 Flux rope axis orientations
16:00 16:10 16:20 16:30 16:40 16:50 17:00
Universal Time (mm:ss)

Assuming a rope orientation perpendicular to the line con-
Fig. 6. Model fits for Signature 3. The thick dashed lines representnecting the spacecraft, for Signatures 1 and 2 to represent one
the model flux ropes, the thinner solid lines the FGM data. Coloursf|x rope, velocities of betweern2900 and~5700 km sl
as before. PanelA—C) show the three field components in the \oy|d be required. This figure is inconsistent with the ve-
flux rope model frame and pan@@) the total flel_d. Data have been locity of propagation from 4-spacecraft timing at Cluster
offset by —10 and 10s for C2 and C3, respectively. (146 kms'1) and data from the ion instruments on board the

Cluster and TC-1 spacecraft; all of which give ion velocities

of the order of 200 km's!. If the rope axes were oriented
least well. In Fig. 6, the traces for C2 and C3 are offset byalong, or close to, the line connecting the spacecraft then a
F10s, respectively. slower propagation velocity might be sufficient for one flux
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Table 1. Physical parameters returned from the flux rope model fits and the derived magnetic flux through each fly mpeB, are
the axial and poloidal fields, respectivetyis the rotation angle about the model coordinate systenxis; p is the rotation angle about the
model coordinate systemaxis; z is the impact parametet;the flux rope radius an® the magnetic flux through the rope.is the angle
between the flux rope axis returned from MVA and the axis returned from the model fit. Quantities are rounded to the néarest oiT,
kWb as appropriate. A positive (negative) impact parameter denotes that the spacecraft passed above (below) the flux rope axis.

S/C By(nT) Bp(nT) 6(°) p(°) z(km) I(km) &(KWb) (%)
Signature 1

C1 30 13 21 —26 448 925 80 44
Cc2 20 6 24 -41 160 987 60 41
C3 17 6 21 -48 -506 1177 74 57
C4 22 12 28 -36 214 922 59 53
Signature 2

TC1 18 8 45 5 -343 1156 77 43
Signature 3

Cc2 17 3 37 —42 185 463 13 33
C3 13 3 38 -14 117 523 10 7

rope to be observed at both Cluster and TC-1 within a few(2004) have shown that shears in reconnection flows can also
seconds. skew flux rope axes from an East-West orientation; however

Figure 7 compares the axis orientations of each flux ropdecause all of the flux rope signatures are at a consistent an-
signature, as determined by the model fits on the magneti@le to the plane containing the neutral sheet normal, despite
field data from each individual spacecraft. Panel (a) of Fig. 7different local orientations of the neutral sheet at Cluster and
shows the XY plane and panel (b) the YZ plane; the colouredT C-1, it can be inferred that flux rope orientation is linked to
squares represent the spacecraft positions at 23:12:30 Uthe tilt of the neutral sheet, at least in the north-south direc-
and the coloured lines the direction vector of the principaltion. There is no guarantee that the neutral sheet orientation
rope axis. The symbols representing Signature 3 have beef¢mained the same between the crossing times and flux rope
offset by (-1,4,—1Rg for clarity. While the spacecraft po- €ncounters, introducing an element of uncertainty to the cal-
sitions are expressed in GSM coordinates, the vectors repreulated angles between rope axes and neutral sheet normals,
senting the flux rope axes use a coordinate system based @$ such the angles for Signature 3 were not calculated. The
the orientation of the neutral sheet local to Cluster or TC-1.0rientations of the flux rope axes are comparable to those ob-
This coordinate system is defined by a rotation of GSM aboutserved by Slavin et al. (2003a) in their survey of flux ropes
the X axis such that the neW Z plane contains the normal to  Using the Geotail dataset, again increasing confidence in our
the tail neutral sheet, rather than the Earth’s dipole axis. TheéXis orientations.
normal to the neutral sheet was calculated once for the entire The Cluster and TC-1 rope axes lie approximately cross-
Cluster tetrahedron and separately for TC-1 by performingtail, the Cluster axes having a larger x component, point-
MVA on the closest possible neutral sheet crossing, by théng slightly towards TC-1. This tilt towards TC-1 means
correct spacecraft, to the flux rope encounter. For Signaturethat a lower velocity than those calculated above (2900-
1 and 3 this was a crossing by C3 as it left the thin current5700km s'1) is needed for Signatures 1 and 2 to represent
sheet region at 23:09:25 UT, 3 min before the encounter wittthe same flux rope. Table 2 lists these velocitigs ] cal-
Signature 1; for Signature 2 a TC-1 crossing at 23:11:50 UT culated individually for each Cluster spacecraft. The per-
some 38 s before the flux rope encounter, was used. The negendicular displacemen( ) between each Signature 1 flux
tral sheet normal was measured to be GSM(0.043, —0.0630pe axis (assumed to be straight, and long enough) and TC-
0.997) at Cluster 3 and GSM(0.181, —0.484, 0.856) at TC-1.1 were calculated and the plasma velocity as measured at
This coordinate system was chosen because we believe th&luster projected onto this vector (). From these quanti-
in a simple case any flux ropes present in the plasma sheéies, the time requiredi{, ) for a flux rope to propagate from
might lie in the plane of the current sheet. The angles beCluster to TC-1 at’ |, the measured velocity, was calcu-
tween the plane containing neutral sheet normal and the fluated; for comparison, the velocity requireal () for a flux
rope axis orientation were calculated to bé,72r, 72 and rope to propagate from Cluster to TC-1 in the observed time
66° for Cluster spacecraft 1-4, respectively (Signature 1) andt) was also calculated.
74°for TC-1 (Signature 2), all within 250f 90°. Comparing Despite the tilt towards TC-1, the required propagation ve-
the Signature 2 (TC-1) flux rope axis with the Cluster neutrallocities ('), 3687kms?, 1664kms?, 1223kms? and
sheet normal gives an angle of*4%imulations by Winglee 3511kms for C1, C2, C3 and C4, respectively, are still an
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Table 2. R is the perpendicular displacement between the Signature 1 flux rope axis andvTCi4the observed plasma velocity as
projected on to the displacement vectéirjs the observed difference between the time of flux rope encounter at the Cluster spacecraft and
TC-1;6t, isR V' |, the required time difference between observation of Signature 1 and Signature 2 for a rope to propagate at the observed
speed; and'’ | is the required propagation speed for a flux rope to travel from Cluster to TGt1 Tie measured velocities are too low to

carry the Signature 1 flux rope to TC-1 in the observed times.

SIC Ry(km) Vv, (kms1) u(kmsl) st(s) st (s)

C1 29,496 180 3687 8 164
c2 21,640 177 1664 13 122
C3 17,125 171 1223 14 100
C4 24,579 179 3511 7 137

XY Plane YZ Plane ing similar flux content, represent two individual flux ropes
T T existing in the tail at the same time.

—10} / 1 N 7
> > 2 ; ;
¢ -8r 102 & 1 4 Discussion
- 2 -
- % | < O///}/

L C3
° 34.// C4 o} ] The observation of these simultaneously existing flux ropes
—Hr 1 71C1 Al ] in the near-Earth magnetotail, while novel in itself, can also
o e e e s - T — be used to learn about the structure and dynamics of the
X (Re) Rope Axis Y (Re) tail during this event, particularly in the context of MXR.

Our suggested interpretation of the data is that the flux ropes
formed as part of a spatially extended system of competing

Fig. 7. A comparison of the various spacecraft positions (coloured multiple X-lines, encompassing the orbits of Cluster and TC-

squares — colours as for Figs. 1 and 2) and flux rope axis orientaq .

tions (solid lines). Spacecraf_t po_sitions are in GSM. The coordinate |, Fig. 8 we suggest a sequence of events that explains

tsﬁ’asttfr:g ‘)‘(Szedlfor flux rope a;]('s d'red'lonsk']s a r.?tat'on OfSSM SuIﬁhthe presence of these flux ropes in the magnetotail. Panel (a)

plane contains the normalto the tail current sheet, ratheg ,  wq sjation at 23:07 UT, when Cluster lies within

than the Earth’s magnetic dipole axis. Signature 3 is offset by (-1, . . . .

4, ~1)R; for clarity. the thin curre_nt sheet region (a not|0nal_ current sheet_ls rep-
resented by light blue shading on the figure). The tailward
flows detected by Cluster CIS are consistent with the pres-
ence of a reconnection site located Earthward of the space-

order of magnitude greater than those measured at both Clugraft. The Earthward flows detected by TC-1 HIA at this time

ter and TC-1. Signatures 1 and 2, therefore cannot represetiply a reconnection site was located tailward of that space-
one straight flux rope. Given that the axes of Signatures Icraft. It is impossible to unambiguously determine from the
and 2 are of different orientations, do not lie along the line data the number of X-lines present between Cluster and TC-
separating Cluster and TC-1, and their fields do not pointl at this time, however if a flux rope (later observed as Sig-
in opposite directions; if the observations were to representature 2) was at that time extant, or being formed, between
one flux rope, it would have to resemble a “Z” shape. Mag- Cluster and TC-1 at least two reconnection sites would have

netic tension forces would act to quickly straighten such ato exist. By 23:09 UT, the time of substorm onset (panel b),

structure unless opposed by another force, however there i€luster had moved away from the neutral sheet towards the

no evidence to suggest this is likely. Plasmoids observed irPSBL (consistent with the observed decreasg)iand thus

the magnetotail have been known to expand at rates as higtlid not observe any plasma flows. TC-1 continued to observe

as~100kms® as more reconnected flux is added to them moderate Earthward plasma flows, and we infer that the sys-

(Slavin et al., 1999). Earthward moving flux ropes, howevertem of flux ropes was driven Earthward by fastest reconnec-

are unlikely to expand so rapidly, or may even contract, be-tion site that was part of the substorm. At 23:12 UT (panel ¢),

cause of increased tail pressure closer to the Earth. Signaignature 1 had reached Cluster, and Signature 2 had reached
tures 1 and 2, then, are unlikely to represent an expandin@C-1. Upon leaving Signature 1, Cluster detected the first
flux rope propagating over the spacecraft. This idea is alsdarthward ion beam then returned to the PSBL. At 23:16 UT
inconsistent with observed signature durations, plasma ve{panel d) Cluster detected the second Earthward ion beam
locities and our model results, therefore we believe that thehen entered Signature 3, which was being driven Earth-
correct explanation is that Signatures 1 and 2, despite hawvard by the continuing substorm reconnection. On leaving

Ann. Geophys., 25, 1887-1897, 2007 www.ann-geophys.net/25/1887/2007/



A. P. Walsh et al.: Cluster and Double Star flux ropes 1895

Signature 3, the third ion beam was detected and Cluster r =~ \

turned to the PSBL. The tailward directed plasma flows de@x@ X >< X @
tected by TC-1 from 23:14 UT-23:21 UT are consistent with

a reconnection site having moved Earthward past the spac
craft, again driven by the substorm. At 23:30 UT (panel e) = o
Cluster returned to the central plasma sheet and crossed t
neutral sheet, observing strong Earthward flows as it did soi
This implies that the X-line driving the entire system re- == X@ @ = X@
mained tailward of Cluster throughout the interval. For three

flux ropes to exist in the tail, a minimum of four X-lines must ~

—

&= 530Ut

&= o300t

exist. Figure 8 represents this minimum configuration, where=— - -
the tailmost X line responsible for substorm expansion is on
of those that forms Signature 3. Because none of these re S_:)E )x@ @ < P @
connection sites are directly observed by Cluster, however,
=)

different X-line not associated with the observed flux ropes
could instead be be responsible for the substorm expansion - - 6 uT

and driving the flux ropes Earthward. The significant differ- =

ence between the amount of flux enclosed by each flux rop\,<\

and the open flux closed in a substorm (Milan et al., 2004)@ X@ = >< x @
implies that the dominant reconnection site in our system ha/\/

to reconnect much more flux than those purely involved with —

the formation of the flux ropes. Unfortunately the location of = 2330 u1

that reconnection site and an explanation of its higher recon =
nection rate cannot be determined in this case. @ ~ @

During the passage of the flux rope labelled Signature 1? - X @
B, was seen to increase (Fig. 2, panel a). The spacecraf

therefore, sampled the upper portion of the flux rope. It is
feasible then, and consistent with the short duration of the ob-
served flows at the time of Signature 1 compared with thoserig. 8. An illustration of a possible sequence of events explaining
seen by TC-1 at Signature 2, that the tetrahedron was not idehe data. The dark blue spacecraft represents Cluster, and the ma-
ally located to observe the flows associated with any recongenta TC-1. Flows detected by each spacecraft are depicted as ar-
nection, and it is only the passage of the flux rope creatingows of the relevant colour, whereas the red arrows represent the re-
a bulge in the plasma sheet that allowed the flowing plasma&onnection flow driving the system. Possible reconnection sites are
to be observed (Owen et al., 2005). Signature 3 can be intarked as red Xs. A notional current. sheeF is depicted by the light
terpreted as a more extreme example of the same idea. HerUe shading. Pane(8—E) show the tail configuration at 23.07 UT,
two of the spacecraft (C2 and C3) sample the very top of thefzigﬁlrg rUeT’ 231? Li; ' %3.'|16 Uf.T anc:_ 23'3(.)mUJ]‘ res_p_ectuvely. TT)'S
flux rope (bipolar signature i, and peak inB,, while C1 g presents the tal’ cornguration Wi © minimum numusr
. . . of reconnection sites possible to explain the presence of three flux

and C4 miss the flux rope and instead see a TCR-like featurgopes_
(bipolar signature i, and peak inB,). The configuration
of the Cluster tetrahedron is consistent with this interpreta-
tion and it provides further evidence that the passage of flux
ropes in the plasma sheet is indeed the source of TCRs in this not a bursty phenomenon. The detection of the ions imme-
lobe (Owen et al., 2005). diately after the flux rope at Signature 1, and then the switch

The observation of the Earthward-directed ion beams abff of the ions at 23:12:40 UT (C1) and 23:12:48 UT (C3)
Signatures 1 and 3 (Fig. 3, panels a and b) is consistent withepresent the spacecraft moving from the flux rope, through
this interpretation. Those field lines that were pushed intothe trailing edge of the bulge caused by the passage of the
the path of the spacecraft by the flux ropes were perhaps corflux rope, and into the relatively undisturbed plasma sheet be-
nected to an X-Line (the source of the ion beams?) furthertween flux ropes. As C1 is further from the neutral sheet than
downtail than Cluster, which is operating at both 23:12 UT C3, it observes the switch-off first, confirming the spatial na-
and 23:16 UT. Since the beams show no evidence of velocityure of the feature. The switch on of ions at 23:15:35 UT (C1
dispersion and no bidirectionality is observed, it is likely that and C3) then, indicate the spacecraft move onto the lead-
the source of the ions is close to the spacecraft, rather thamg edge of the Signature 3 bulge. A dip in ion flux is ob-
a distant neutral line. The observation of beams at the sameserved by C3 as it moves through the flux rope before enter-
energies at Signatures 1 and 3 implies that the source of thimg the trailing edge of the bulge. C1 sees no dip in ion flux,
ions is operating steadily on the timescale of the event, anadonsistent with the spacecraft not entering the flux rope. lon
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switch-off at 23:16:26 UT (C1) and 23:16:48 UT (C3) rep- respect to the local neutral sheet, despite differences in lo-
resent the spacecraft leaving the trailing edge of the bulgecal neutral sheet orientation, implying flux rope orientation
No ion features associated with Signature 2 were observeds linked to neutral sheet tilt. Evidence suggests these flux
by TC-1, consistent with our interpretation, since TC-1 wasropes were formed through reconnection at a minimum of
located much deeper in the central plasma sheet than Clustéour competing X-points and were driven Earthward by the
(B~2, B, ~0). fastest reconnecting X point, located tailward of the Cluster
The rotation and later dipolarization of the magnetic field tetrahedron.
at TC-1 is also consistent with the idea that there is an on-
going process working to restore the tail to a more relaxedAcknowledgements. The authors wish to thank the World Data
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