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Abstract Cluster multipoint measurements are used to study two successive magnetosheath flux transfer
events (FTEs). Magnetic field lines in the leading region are found to be closed magnetospheric field lines.
For event 1 these field lines are wounded up by a large current structure oriented eastward and moving
poleward. Conversely, the trailing region corresponds to opened magnetic field lines. For both events the
leading edge of the FTEs is a tangential discontinuity separating the magnetosheath from closed field lines.
In the case of event 1 magnetosheath ions are accelerated through the FTE trailing edge via a rotational
discontinuity and penetrate on closed field lines through a second discontinuity. Thus, the ion jet is
accelerated equatorward of the spacecraft but the backtracking of the discontinuities and the lack of
dispersion show that ion acceleration occurs at less than 2 R; from Cluster. On the other hand the
extrapolation forward indicates that the FTE bulge steepens as in simulations of Dorelli and Bhattacharjee
(2009). Evidence is given for the penetration of magnetosheath ions inside the core of the FTE, on closed
field lines. Magnetosheath electrons are accelerated in parallel and antiparallel directions on open and on
closed field lines, thus breaking the frozen-in condition. Event 2 is also split in two distinct regions but no
evidence is found for accelerated bidirectional magnetosheath electrons. For event 2 the two discontinuities
at the trailing region are stacked together when they are crossed by the spacecraft, suggesting that the
current splitting is a reconnection signature.

1. Introduction

The identification of the process(es) that transports the magnetosheath plasma across the dayside magne-
topause is a critical issue in magnetospheric physics. Here we restrict our attention to studying the nonsteady
transport associated with flux transfer events (FTEs). Russell and Elphic [1979] have called FTEs magnetic signa-
tures corresponding to transient exchanges of plasma between the magnetosheath and the magnetosphere.
A magnetosheath FTE can be defined as a maximum in the modulus of B, together with a bipolar signature on
the normal component, in boundary normal coordinates, and often a depression in the density [Paschmann
et al., 1982]. For practical reasons we will call magnetosheath FTEs events observed by spacecraft located in
the magnetosheath before and after FTE crossing (see taxonomy defined by Elphic [1995]). Statistics made by
Berchem and Russell [1984] show that FTE generally move northward, while observed in Northern Hemisphere,
and southward in the southern one. These observations suggest that FTEs are formed at low latitudes and
move poleward. FTEs are usually represented as twisted open flux tubes linking the magnetosheath to the
magnetosphere. This model implies that FTEs are on open field lines; an important issue for our future discus-
sion. Energetic electrons can be used to test field line connectivity. Jieroset et al. [2011] observed untrapped
energetic electrons in the core of a plasmoid. They concluded that these electrons were accelerated while the
plasmoid was forming. Yet observations of both trapped and untrapped energetic electrons inside a FTE were
published by Robert et al. [2006] and by Pu et al. [2013]. Owen et al. [2001] investigated magnetospheric FTEs;
they suggested that trapping of energetic (magnetospheric) electrons can take place on the most recently
opened flux tube within the FTE. Large-scale simulations of FTE were published; for example, the works of
Raeder [2006] and Fedder et al. [2002] help understand the geometry, the topology, and the conditions for
FTE formation. Energetic electrons trapped between two hemispheres were identified in global hybrid simu-
lations by Tan et al. [2011]. Dorelli and Bhattacharjee [2009] have conducted resistive MHD simulations of the
formation and topology of FTEs. They conclude that FTEs start as flow vortices that bring together topologi-
cally distinct magnetic domains thereby driving magnetic reconnection. This process involves the generation
of new magnetic separators; a key issue for the present paper. Data taken by most of Cluster instruments
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Figure 1. (left column) The location and trajectory of the Cluster tetrahedron in GSE coordinates. A map of the magnetic
field configuration, deduced from the Tsyganenko 89 model is superimposed (Figure 1 (top left)); it is plotted in the
noon-midnight meridian. Cluster orbital plane is located in the afternoon sector; around 1130 UT, the GSE coordinates
(in Rg) are approximately (5.72, 8.25, and 9.22), for the center of mass. (right column) Two projections of the Cluster
tetrahedron, also in GSE. As suggested by the figure, the typical distance between the Cluster spacecraft is 500-600 km.

during two consecutive FTEs on 26 January 2001 are analyzed. Previous studies of these FTEs and of the pre-
ceding long lasting (almost 2 h) series of fast ion jets and boundary layer and magnetopause crossings were
made by Bosqued et al. [2001] and by Phan et al. [2004]. Phan et al. [2004] gave evidence for a series of bulges
moving poleward that drive Cluster satellites in and out between the magnetosheath, the boundary layer,
and the magnetosphere. They concluded that reconnection was occurring almost continuously (though with
temporal modulations) equatorward of Cluster. In section 2 we combine magnetic field data with energetic
particle (electrons and ions) signatures in order to determine the topology of magnetic field lines; are they
opened or closed? Do they have magnetic footprint(s) on Earth? In section 3 de Hoffman Teller and disconti-
nuity analysis are applied to the abrupt changes observed in plasma parameters within the FTEs, and we try
to determine their natures: rotational or tangential discontinuity (RD or TD) or Shock (S). A tentative model of
the magnetic structure of the FTEs is discussed in section 4, together with an estimate of how far from Clus-
ter quartet does the acceleration of the ion jet and reconnection take place. In section 5, evidence is given
for the penetration of the accelerated ions flow on closed field lines and for the penetration and bidirectional
acceleration of magnetosheath electrons on opened and closed field lines. The second event is described in
section 6 and compared with event 1. Conclusions are given in section 7.

2, Field Lines Topology

2.1. Context of the Events

Cluster tetrahedron is located in the high-latitude dusk sector, as illustrated by Figure 1. In the whole paper
Cluster spacecraft will be referred to as C1 (black), C2 (red), C3 (green), and C4 (blue). They are moving slowly
outward. At 1130 UT, the GSE coordinates (in Earth radii hereafter noted R;) are approximately (5.72, 8.25,9.22),
for the center of mass. Tsyganenko [1987] model is used to plot model field lines, passing by the spacecraft.
According to Tsyganenko model, field lines passing by C1, C2, and C3 (yellow) are opened, while the field line
passing by C4 (blue) is closed, which indicates that the tetrahedron is close to the nominal magnetopause.
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Figure 2. Composite view showing more than 2 h of 4 s resolution wave form data from the fluxgate magnetometer
(FGM) and a frequency-time spectrogram from the search coil magnetometer (STAFF). Minimum variance analysis (MVA)
has been applied to FGM data; the elements of the rotation matrix are given on the figure, together with the values of 4
that characterize the ellipsoid of variance. Yellow bands bracket the two FTEs to be studied.

Two projections of the Cluster tetrahedron, in GSE, are displayed in Figure 1 (right column); they show the
typical distance between Cluster spacecraft (500-600 km). Notice that Cluster 4 is somewhat closer from the
Earth than its companions.

Figure 2 shows 4 s resolution wave form data from the fluxgate magnetometer (FGM) and a frequency-time
spectrogram from the search coil magnetometer (STAFF). For a description of these instruments see Balogh
etal.[1997] and Cornilleau-Webhrlin et al. [1997]. The period covered by Figure 2 was already studied by Bosqued
etal. [2001] and by Phan et al. [2004]. Minimum variance analysis (MVA) has been applied to about 2 h of FGM
data; the elements of the rotation matrix are given on the figure, together with the values of A that charac-
terize the ellipsoid of variance. The three values of 4 being quite different, the proper axis of the ellipsoid
are well defined, and MVA is accurate. From this MVA, we define the LMN frame for boundary normal coordi-
nates [see Russell and Elphic, 1979]. Large-amplitude fluctuations observed in particular on B;, before 1110 UT,
correspond to multiple crossings of the magnetopause. After 1120 UT Cluster spacecraft remain in the mag-
netosheath, except during short lasting isolated events occurring at ~1131, 1210, and possibly at 1202 UT. In
the rest of the paper we focus on the two events observed at ~1131 and ~1210 UT. Unlike magnetopause
crossings that occurred around 1100 UT, these events show a large increase in the modulus of B and a bipolar
signatures in By, which are typical of magnetosheath FTE's observed in the Northern Hemisphere.

2.2. Magnetic Structure of the FTE

Full-resolution magnetic field data are plotted in Figures 3a to 3d, for event 1. Boundary normal coordinates,
defined in Figure 2, are used. The typical signature of the FTE, with a bimodal signature (+) on By, is clear.
Notice that the modulus of B increases by almost a factor 2 and reaches ~55 nT, at ~1131:10 UT. This max-
imum occurs while the leading region of the FTE crosses the spacecraft (region B, ~1130:50 to 1131:25). It
corresponds to a large decrease in the potential (see Figure 3g) measured by the EFW experiment [Gustafsson
et al, 1997]. The potential being a proxy for the density, this period corresponds to a large decrease in the
density. The trailing region (region C, ~1131:25 to ~1131:50) involves two short lasting large rotations in the
direction of the magnetic field. In region C the electric potential, and thus the density, is comparable to what
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Figure 3. High-resolution magnetic field in (a—d) boundary normal components in nT, (e) current density in nA/m?2,

(f) power spectral density of magnetic fluctuations in (nT)2/Hz, and (g) spacecraft potential in volts, for event 1 and C1.
Narrow yellow vertical bands, labeled D1, D2, and D3, delineate sharp transitions between different topological regions
labeled A-D.

is found in the magnetosheath, before and after the event (in regions A and D). A dynamical spectrum of mag-
netic fluctuations is shown in Figure 3f. The level of the fluctuations is strongly enhanced during the FTE. The
amplitude (not shown) is ~1-10 nT/\/E. Yellow vertical regions bracketed by pink lines are drawn at the
boundaries between different regions; they are labeled D1 (~1130:50), D2 (~1131:25), and D3 (~1131:50).
D2 and D3 clearly correspond to sharp discontinuities in the magnetic field. The change in the magnetic field
at D1 is smaller, but the density rapidly decreases. Particle data displayed in Figure 4 give evidence for a sharp
change at D1 and confirm the existence of a discontinuity. The horizontal violet dashed line corresponds to
the magnetic field determined from the Tsyganenko [1987] model taken at C4. The large and rapid jumps in
B, at D2 and D3, together with the relatively good agreement between the measured magnetic field and the
Tsyganenko field in region C could suggest that the spacecraft was crossing the magnetopause first inward
(D2) and later outward (D3). Should this be the case, then one would expect a dip in the density in region C
(between D2 and D3). There is indeed a sharp decrease in the potential, and thus in the density, but it occurs
in the early part of region B; between D1 and D2. How can this apparent contradiction be explained? The
signatures of these two periods on particle data will help resolving this issue, as discussed in sections 2.4
and 2.5.

2.3. Current Density

The distance between Cluster spacecraft is of the order of 500-600 km (see Figure 1), while the typical size
of a FTE is of the order of 1 R [Saunders et al., 1984]. Thus, the conditions for calculating the current density
are generally fulfilled [Dunlop et al., 1990; Robert et al., 1998]. The barycentric method [Chanteur and Harvey,
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Figure 4. (a) lon density for C1 (black), C3 (green ), and C4 (blue). Particle measurements only for C1, over the same
time period as Figure 3. lon velocity in (b) LMN coordinates, (c) spectrogram of pitch angle distribution of very
energetic (> 7 keV) ions, and (d) flux of energetic ions versus energy and time. The electron flux versus energy in the

(e) antiparallel, (f) perpendicular, and (g) parallel directions. Notice the sudden increase in the flux of energetic ions and
electrons while spacecraft cross D1. Particle data for other satellites are similar. Note also that the discontinuities D1, D2,
and D3 found on Figure 3 are also observed in this figure. Yet a fourth discontinuity, Da, is only observable in particle
data. Da is located between D1 and D2 (see text).
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1998] is used; the resulting current density is plotted in Figure 3e. Around 1131:25 and 1131:50, however,
where large short lasting jJumps are observed, the linear approximation, used to calculate the current, does
not hold. During the leading region of the FTE, where the conditions for estimating V x B are satisfied, a
relatively large current density is found: J,,, ~ 25 nA/m?, in region B; this current is essentially antiparallel to
B, mostly in the azimuthal direction, toward the evening sector. With such a current magnetic field lines must
be strongly twisted. Assuming that the current structure has a radius of 3 - 10 m (35 s times 180 km s™') and
is homogenous over this volume, the corresponding B, component is ~ —40 nT, opposed to the Tsyganenko
magnetic field (B, ~ +5 nT), where the Tsyganenko model is taken as a proxy for the terrestrial magnetic field
in the absence of this current. Thus, the magnetic field in region B is dominated by the component associated
with the current, and the B, componentis opposed to its expected direction, which explains why B, is negative
on closed field lines and why it can be similar to the magnetic field in the adjacent magnetosheath. In short
the leading region of the FTE (region B) corresponds to the core of the flux rope.

2.4. lons

Data from Cluster lon Spectrometry (CIS) [Réme et al., 1997] are displayed in Figures 4a—4d. Densities mea-
sured onboard C1, C3, and C4, displayed in Figure 4a, are consistent with densities estimated from the
potential measured by EFW (Figure 3g). Before and after crossing the FTE the density is ~15—20 p cm~3, sug-
gesting that the spacecraft are located in the magnetosheath. This interpretation is confirmed by data shown
in Figure 4d, where large fluxes of low-energy ions, typical of the magnetosheath, are observed together with
the absence of energetic ions, before (region A) and well after the FTE (region D). In the magnetosheath the
largest component of the velocity, V,, is of the order of 180 km s~ (see Figure 4b) and positive. During the
FTE (~1130:50-1131:50, corresponding to regions B and C) energetic ions are observed (see Figure 4d) and
the flow velocity grows up to twice the magnetosheath value (about 370 km s™'); a classical signature of ion
jet. After crossing the FTE the spacecraft returns to the magnetosheath, as testified by the large densities and
fluxes, by the low energy of ions and by the flow velocity that returns to about 180 km s~'. Yet energetic
ions continue to be observed for about 2 min after FTE crossing (in region D). Figure 4c helps understand-
ing why. During the FTE energetic ions (~7-28 keV) extend over most of the pitch angle range. Energetic
ions observed after the FTE (in region D), however, only have large pitch angles, close to 180°, which sug-
gests that these ions are escaping along newly opened field lines; a suggestion that will be confirmed by
electron observations. Region labeled D’ corresponds to the free magnetosheath, without escaping energetic
ions. The observation of these energetic ions raises an important question: where do they come from? Are
they magnetospheric ions or are they magnetosheath ions accelerated by reconnection, for instance, in the
near-equatorial region. At D1 Figure 4d shows that energetic ions above 6 keV undergo little dispersion; at
most 4 s delay between 6 and 40 keV. Should energetic ions be accelerated at the equator (at ~8 — 10 R) the
delay would be ~50 to 60 s. The lack of dispersion indicates that the acceleration is local or rather that the
spacecraft cross a boundary, in this case the small delay of 4 s is due to finite Larmor radii. This lack of disper-
sion is also observed on electrons, as seen on Figures 4e—4g. Apart from small time shifts ion data on other
spacecraft are very similar.

2.5. Electrons

Figure 4 shows electron fluxes from Plasma Electron and current experiment (PEACE) [Johnstone et al., 19971,
in directions antiparallel (Figure 4e), perpendicular (Figure 4f) and parallel (Figure 4g) to B, for C1. As for
energetic ions, sharp changes are observed in the flux of energetic electrons while the spacecraft cross
D1, D2, and D3. In region A, before crossing D1, there are almost no electron beyond 300 eV, which con-
firms that region A corresponds to the free magnetosheath. As the spacecraft cross D1 and penetrate into
region B, the flux of energetic electrons (1 to 10 keV) sharply increases at all pitch angles (0, 90, and 180°
shown here), at about the same time (within one or two spin periods). Given that these energetic electrons
would escape from open field lines in a matter of seconds, field lines in region B must be closed to retain
energetic electrons at all pitch angles. The local magnetic field being already quite large (~ 50 nT), larger
than in the adjacent magnetosheath (< 30 nT), reflection via a magnetic mirror on a newly opened field
line is very unlikely. Thus, electrons, observed in region B, should be trapped on closed field lines. Yet there
are still two possibilities: energetic electrons can be trapped (i) on field lines that have two magnetic foot-
prints on Earth (a fully Earth connected flux rope) or (ii) on field lines confined inside a plasmoid located
outside the magnetopause with no footprint on the Earth. Owen et al. [2001] also observed a possible trap-
ping of energetic magnetospheric electrons on the most recently opened flux tubes at the front of an FTE.
A comparison between energetic electron spectra inside the core of the FTE and in the plasmasheet should
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help deciding. For instance, at ~1131:19, in the region of closed field lines (region B), the temperature
of the energetic component is ~1550 eV. At 1044:22, while the spacecraft were in the plasmasheet the tem-
perature of the energetic component was about the same (~1650 eV) which suggests that trapped energetic
electrons come from the magnetosphere. As a further argument we note that more energetic electrons
(> 40 keV) are observed by the energetic particle detector RAPID in region B (M. Dunlop, private commu-
nication, 2006). Thus, these energetic electrons are likely to be magnetospheric electrons. This result is not
surprising because there are several publications demonstrating that FTEs have magnetic signatures on the
ground, which strongly suggests that a magnetic connection between at least a part of the FTE and the ground
[see, e.g., Marchaudon et al., 2004, and references therein]. In region C energetic electron fluxes are compara-
ble to region B for antiparallel (Figure 4e) and perpendicular fluxes (Figure 4f). Yet there are very few energetic
electrons in the parallel direction (Figure 4g); only sporadic bursts lasting less than a spin period are observed,
which suggests that field lines in region C are open but continue to be supplied with electrons by reconnect-
ing field line. Thus, the magnetic signature of the FTE involves two distinct regions. Region B (the core of the
FTE) corresponds to closed field lines with magnetic footprints on Earth, while region C (the trailing edge of
the FTE) corresponds to open field lines. Thus, we observe both trapped and untrapped energetic electrons
in different regions of the flux rope. This result confirms preliminary results by Robert et al. [2006] and recent
results by Pu et al. [2013]. While Jieroset et al. [2011] observed only untrapped energetic electrons inside the
flux rope. Yet the context is quite different; Jieroset et al. [2011] made their observations in the near-equatorial
region, ion jets coming from opposite directions. Conversely, the ion jet shown in Figure 4b is observed at rel-
atively high latitude and moves poleward. As for energetic ions, antiparallel energetic electrons continue to
be observed in region D, which tells us that the spacecraft remain on open field lines and that energetic elec-
trons (and ions) continue to be supplied by reconnecting magnetospheric field lines, for about 2 min after the
crossing of this FTE. Yet in region D the ion flow velocity (Figure 4b) is comparable to magnetosheath values.
We label D’ (t > 1133:35) the region where the spacecraft return to the free magnetosheath; plasma param-
eters are about the same as for region A. Based on results presented above, the magnetic topology of the
various regions crossed by the spacecraft can be described. Regions A and D’ correspond to the free magne-
tosheath (zero magnetic footprint on Earth). The first period of the FTE (region B) corresponds to a flux rope
with closed field lines (two magnetic footprints on Earth) while the second part of the FTE signature (region C)
corresponds to opening field lines with one foot on Earth. In region D the spacecraft are still on open field
lines but have left the FTE structure. Regions A, B, C, and D are separated by abrupt changes in the parame-
ters, labeled D1, D2, and D3 to be analyzed in section 3. Da corresponds to a decrease in the modulus of the
magnetic field (see Figure 3d) associated with an increase in the potential. It coincides with a sharp change in
the flux of energetic (keV) ions, as can be seen from Figure 4d.

3. Discontinuity Analysis

3.1. De Hoffmann-Teller Analysis and Walén Test

De Hoffmann-Teller (de HT) analysis and Walén test [Sonnerup et al., 1987] were applied to the ~1131 FTE by
Bosqued et al. [2001] and to 1131 and 1210 FTEs by Phan et al. [2004]. Bosqued et al. [2001] obtained similar
values for V,,; for C1, C3, and C4 (see their Table 1) but found different Walén slopes for the three spacecraft:
0.87 on C1, 0.66 on C3, and 0.44 on C4. Phan et al. [2004] also found very consistent value of the de HT velocity
and obtained Walén slopes for C1 close to unity (0.94 and 1) by splitting the ~1131 event in two periods
(see their Table 1). The differences between Walén slopes stems from the sensitivity of their estimates to the
selected time interval. Here we want to analyze separately the vicinity of each discontinuity within the FTE
and are therefore bound to use short time intervals (~ 20 s). The values of the de HT velocity obtained here are
given in Table 1 for event 1, spacecraft 1. The de HT velocities are similar to the findings of Phan et al. [2004].
Viyr reaches ~350 km s1, around Da; much faster than the velocity of the plasma in the free magnetosheath.
While the Walén slope around D1 is close to unity it has a large dispersion. Around D3, V; — V;; ~ 0.71V, and
the dispersion is small. Around Da and D2 the slopes are far from unity (0.3 and 0.29, respectively). Thus, there
is an apparent disagreement between our estimates of the Walén slope and those of Phan et al. [2004]. In fact
this difference is to be expected because the time intervals that we have selected to analyze separately the
four discontinuities inside the FTE turn out to be too short to make a reliable estimate of the Walén slope. In
the next subsection an independent evaluation based on a different method will be used.
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Table 1. For Event 1°

Line D1 Da D2 D3
1 ny 0.06 -0.39 —0.93 —0.83
2 ny 0.30 —0.21 0.19 —-0.25
3 n, 0.95 0.90 —-0.30 —-0.50
4 Aa (deg) 18 12 18 7
5 Vp 149 172 225 65
6 AVp 27 16 56 7
7 V(kms™) 172 335 329 325
8 Vy -129 —292 —263 —235
9 Vy 63 73 26 59
10 vz 94 148 196 216
11 V-n 100 230 190 73
12 Vigr (km s=1) 333 347 337 287
13 Virx -260 -287 -259 —217
14 Viry 178 144 82 102
15 Vurz 109 131 199 158
16 Vyr - n 141 198 196 76
17 < 0> (deg) 69 15 8.5 16.5
18 A6 36 12 11.5 12
19 < B,>(nT) -0.3 35 -3 4
20 Ap (pcm™3) -10 -5 small ~0
21 Summary large 6 small 6 small 6 small 6
large Ap large Ap Moderate Ap small Ap

small < B, > large < B, >, large AV small AV large < B, >

22 Nature TD Undetermined RD RD

3The GSE components of the normal vector to each discontinuity are given in the first lines (1-3). Estimates
of the standard deviations in the direction of the normal are indicated line 4. Lines 5 and 6 are for the (nor-
mal) velocity of the discontinuity and the corresponding standard deviation (in km/s). The ion flow velocities, total,
three components, and normal are given lines 7 to 11. The Vi, total, its three components, and normal are given
lines 12 to 16. Then 6, the angle between the averaged values of 6B, and 6V, is shown in line 17 with the esti-
mated standard deviation on 6 given in Line 18. The normal components of B, averaged over the four space-
craft, are given line 19. The density jump is displayed line 20. Finally, the main properties are summarized line 21
(AV being the jump of the ion velocity vector) and line 22 gives the conclusion in boldface about the nature of
each discontinuity.

3.2. Multipoint Analysis

In the present section we propose another type of identification, based upon multipoint analysis tools, to
determine the nature of the discontinuities located inside the FTE. Once a time shift is applied, magnetic
field components, and flow velocities measured by various spacecraft, have similar time variations. We can
therefore assume quasi-stationarity during the crossing of the discontinuities and determine the time shift
between each pair of satellites. Knowing the locations of the four spacecraft, and the time of the crossing of
each discontinuity by each spacecraft, we calculate the direction of the normal to each discontinuity and its
velocity along this normal. Discontinuity analysis was developed by Mottez and Chanteur [1994] and extended
by Dunlop and Woodward [1998], Chanteur [1998], Chanteur and Harvey [1998], and Schwartz [1998]. Here
we use the method developed by Chanteur [1998] and assume that the four Cluster spacecraft are crossing
planar discontinuities.

3.3. Normal Velocities

The velocities of each discontinuity (V) is calculated and compared to the projection on its normal of the de
HT velocity (V7 o). Table 1 shows that the agreement is quite good; the difference between the two types of
estimates is about 10%, which validates the estimates of the normal velocities for each discontinuity.

3.4. Identification of the Discontinuities

The accuracy in the determination of the direction of the normal vectors is estimated from a simulation. Given
that the delay At between signatures observed by the various spacecraft is the key parameter to determine
the direction of the normal vectors, we have randomly added or subtracted +0.5 s to the various best esti-
mates of the delays and calculated the corresponding effect on the direction of each normal. The simulation
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involves about 100 combinations of
At for each discontinuity. Then the
standard deviation Aa associated with
these perturbations is calculated; it
gives an estimate of the uncertainty
in the determination of the normal.
In order to assess the nature of each
discontinuity: tangential discontinuity
(TD), rotational discontinuity (RD) or
shock, three tests are applied. First, we
calculate 6, the angle between 8B, the
| n | ™ jumps in the magnetic field and 8V,

11:32 the jump in the ion velocity, projected
on the plane of the discontinuity. For
a RD or a shock 6 should be small
[Landau and Lifshitz, 1960]. Second, we
estimate <B, >, the normal compo-
nent of the magnetic field, averaged
over data from the four spacecraft; it
should be very small for a TD. Third,
we determine the jump in the den-
sity p. For a RD the density p should
be conserved across the discontinu-
ity, while it is likely to undergo a jump
for a TD and an increase for a shock.
Table 1 gives the outcome of dis-
continuity analysis, together with esti-
mates of the corresponding uncertain-
ties. The method used to estimate the
uncertainties in the determination of
6 is described in Appendix A. Table 1
shows that for D1, < B, > is very small,
thereisalarge-density jumpand < 6 >

Bx

(nT)

Bz

~ T T
urT 11:31 11:31:30

!
} i | . .
I | han th -
uT 11:31:40 11:31:50 11:32:00 is .arge, arger than t. e standard devi
ation taken as an estimate of the error.
Figure 5. Magnetic field projected on the (XZ)4, plane. (a) Vertical Hence, D1 is a TD. Da has a relatively
bands point out the rapid reversals in the B, component at D2 and D3. large < B, >, alarge jump of the veloc-
(b) A zoom showing the three magnetic field components around D3. ity direction and a small 8 ~14°; yet it

All four spacecraft detect similar signatures of thin current sheets at
successive times.

could not be a shock as the normal
velocities before and after the discon-
tinuity are about the same magnitude
but in the opposite direction and diverging from the discontinuity. Furthermore, as the density and the mag-
netic field are different for the two regions, mass, and magnetic field fluxes would not be conserved as needed
for shock properties. The inconsistency with regard to the conservation laws suggests that the assumption of
a planar discontinuity is very likely not relevant. Indeed, Da being located in the center of the FTE, where the
magnetic field lines are rolled up, the curvature effects should make the discontinuity more complex than a
planar discontinuity. Also, in the case of a nonplanar discontinuity, the mass flux conservation should be con-
sidered by taking into account the possibility of fluxes along the magnetic field coming from the ionosphere
as the Da discontinuity, located in between D1 and D2, is detected within the region of closed magnetic
field lines. Thus, either the calculation of the normal velocities are not correct due to the curvature effects
and Da could be a curved TD or the normal velocities are correct but the discontinuity analysis needs to
include fluxes along the magnetic field lines and a more complex geometry in order that the mass flux be
conserved. Considering that both options are speculative, we prefer to let the nature of Da, the discontinu-
ity close to the center of the FTE, as being undetermined. D2 has a finite < B, >, a small < 0 > ~ 8°, smaller
than the standard deviation (12°5). The tangential velocity jump at D2 is calculated from a formula obtained
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by Hudson [1970]: 6Vedicted = Var —
Vi = (1= a)'2(4o00) 2By (1 = ay)/
(1 — ;) — By;], where p, is the magnetic
permeability of vacuum, ¢ is the plasma
mass density, @ = (p, —p o/ B? describes
the effect of the thermal anisotropy of
ions, and p; and p, are the parallel and
perpendicular components to B of the
plasma pressure. The velocity jump 6V,
calculated from the above formula for
D2 (~180 km/s, the a parameter being
computed from Composition distribution
function (CODIF) temperature measure-
ment, not shown and available at the
¢ 11:31:26.4 Cluster Science archive) is larger than what
is measured, namely, 71 km/s. A discussion
and a possible explanation are given in
Appendix B. The density slightly changes

Figure 6. Zoom of the magnetic field components B, and B, taken
around D2. The time interval between successive arrows is 0.3 s. The
modulus of B is kept constant. Magnetic field vectors are plotted along

a thin black line built by moving ions along the flow velocity vector across D2 (Figure 3g). Figure 4j demon-
measured every 4 s. At D2 the magnetic vector rotates in less than 1s.  strates that the ion flow is crossing D2; the
The slower rotation observed before is due to the parallel current normal component of the ion flow is con-
flowing in the core (see text). served (~188 km/s before and 194 km/s

after), as expected for a RD. In view of the
previous discussion we tentatively conclude that D2 is a RD. D3 also has a finite <B,>, <> is small
(~16°), smaller than the standard deviation (~21°) and the density variation is negligible. The normal veloc-
ity is approximately conserved. The jump of the tangential component calculated from Hudson’s formula
(148 km/s) matches the measured jump (149 km/s). D3 is interpreted as a RD.

4. Modeling

4.1. Magnetic Structures of D2 and D3

Figure 5 shows the magnetic field components B, and B,, in GSE (Figure 5a). This frame is chosen because it
allows a decoupling between rapidly varying and slowly varying magnetic field components. At D2 B, changes
from —=15to +15 nTin less than 1 s while B, is small and changes more slowly and B, remains large and almost
constant at this time scale. Fast variations are also observed in the (X2), plane at D3 while B, remains almost
constant over the time scale of B, and B, variations. This behavior is the signature of the crossing of current
sheets in the presence of a guide field
(B,). The thickness of this current sheet
can be estimated from Figure 5b which
is a zoom of the magnetic fields mea-
sured by the four spacecraft around
D3; it shows that one by one the B,
and B, components cancel simultane-
ously on each spacecraft. The distance
between spacecraft 4 and the others
is about 600 km corresponding to a
6 s delay. On the other hand the field
reversal at D3 takes about 1 or 2 s.
Thus, the spacecraft cross a current
sheet with a thickness of about
100-200 km; of the order of the ion
Larmor radius. Figures 6 and 7 show
again the magnetic field vectors pro-
jected on the (XZ) plane but it is now

Figure 7. Same format as Figure 6 but taken at a later time, around D3. plotted along the ion flow trajectory.
Notice the fast (<1 s) magnetic field rotation, by almost 180°Af at D3. The ion flow trajectory is built by
ROUX ET AL. NATURE OF MAGNETOSHEATH FTES 10
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Figure 8. Schematic showing a possible 3-D configuration of the FTE. It illustrates the different types of field lines
topologies and is consistent with the current density observed in the core. Circled numbers indicate the number of
magnetic footprints on Earth.

moving the ion flow location by V; - At at each step, where V; is the ion bulk velocity and At=4 s.
High-resolution (0.3 s.) magnetic field data are zoomed around D2 (Figure 6) and D3 (Figure 7). The modulus
of the magnetic field arrows is kept constant, to help visualize magnetic field rotation. D2 corresponds to the
fast rotation (over less than 1 s) observed in Figure 6, around 1131:23 UT, on C2 and a few second later on
other spacecraft. The slower anticlockwise rotation of magnetic vectors observed on C2 before crossing D2 is
the signature of the parallel current characterized in section 2.3. D3 corresponds to the rapid rotation in the
direction of the magnetic field observed in Figure 7, at about 1131:45 UT. The single arrow in the middle of
the signature of D3 can be disregarded because it has a very small amplitude. Figures 6 and 7 help visualize
the behavior of the magnetic field near the critical regions (D2 and D3); they will be used to build the model
displayed in Figure 8.

4.2. Evolution of the lon Jet

Figure 4b shows that the ion flow is accelerated through D3; the tangential component increases by almost
a factor 2. The jump in the tangential magnetic field (~30 nT) and the jump in the tangential velocity
(~149 km/s) satisfy the classical relation obtained by Hudson [1970] and already quoted above in section 3.4.
Magnetosheath ions penetrate the FTE, through D3, in region C which corresponds to open field lines (see
section 2). The normal component of the ion velocity is approximately conserved (~69 km s~ before and
81 km s~ after) and comparable to the projection of the de HT velocity along the normal (~76 km s~'). The
motion of the discontinuity is slightly slower (65 km s~1). This penetration occurs through the trailing edge
of the FTE. Afterward accelerated magnetosheath ions penetrate through D2 on closed field lines; indeed, (i)
the normal component of the flow velocity calculated by discontinuity analysis is approximately conserved
(188 km s~' before and 194 km s ~' after) and is close to the normal component of the de HT velocity,
196 km s~1, and (ii) He*™ ions, from the solar wind, are observed between D2 and Da (not shown), on closed
field lines. He™™ ions have bulk energies about 4 times that of H* ions. The estimated velocity of the disconti-
nuity (225 km s7') is consistent with the velocity of the ion flow at D3: 196 + 56 km s~ Yet Table 1 indicates
that the uncertainty in the estimate of the velocity of the discontinuity (56 km s™') is particularly large for
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Figure 9. Schematic showing a possible magnetic configuration of the FTE, represented according to a 2-D perspective.
This representation aims at showing the agreement between the observed magnetic field displayed as yellow arrows
and the model. These arrows correspond to the modulus of the projection of the magnetic vector on the (XZ)gq, plane.

D2. We therefore conclude that, for D2, the two normal velocities have the same order of magnitude. On the
other hand, for D2, the value of AV, calculated from AB, is almost 3 times larger than the measured one. As
shown by Dunlop and Woodward [1998], curvature effects can also play a key role in the determination of
the ratio between AV, and AB,. D2 being located at the boundary of a flux rope, curvature effects are indeed
expected to be important and are likely to account for the ratio difference between AV, calculated from AB,
and the observed value of AV,. While accelerated ions continue to move poleward the flow velocity undergoes
a large decrease at Da. At Da the normal component of the ion flow decreases from 215 km s~ to 154 km s~'
and keeps on decreasing till the modulus reaches ~172 km s~' at D1 where it matches the magnetosheath
velocity. This matching suggests that the FTE which moves faster than its front might undergo some kind of
steepening or even breaking. Another evidence for steepening will be given in subsection 4.4.

4.3. Tentative Model

The proposed model is based on the preceding results summarized below: (i) FTEs can be divided in different
regions: leading and trailing regions, (regions B and C), embedded in the magnetosheath and separated by
smaller-scale discontinuities (D1, D2, and D3); (ii) magnetosheath ions penetrate through the trailing edge of
the FTE where they are accelerated in a thin current sheet (D3); (iii) these ions penetrate in the core of the
FTE on closed field lines connected to the Earth; and (iv) this leading region (core) corresponds to a large
quasi-parallel current flowing azimuthally (along B,,). This current produces a helical magnetic field that plays
a major role in determining the magneticfield in region B (between D1 and D2).

Given these constraints a model is sketched in Figure 8. D3 corresponds to the crossing of a thin current sheet
where magnetosheath field lines merge with terrestrial field lines, which leads to ions jetting toward the core.
D2 is at the boundary between open and closed field lines; between D2 and D1 field lines have two foot-
prints on Earth. D2 is located where the current of the flux rope begins to play a major role at determining
the geometry of magnetic field lines, as illustrated by Figure 8. The flux rope is “pushed” by poleward moving
jetting ions (along L). The large antiparallel current between D1 and D2 produces helical magnetic field lines
that make number of turns before joining the Earth. This current is likely carried by low-energy electrons. The
electron anisotropies, shown in Figure 13 just before D2 crossing, have larger electron fluxes in parallel direc-
tions in the 36-50 eV energy range and would be consistent with this assumption. However, rapid variations
of the magnetic field in the time scale of the spin period make particle measurements difficult to be inter-
preted at this time scale, and furthermore, the current carrier electrons could be even at lower energy below
the lowest-PEACE energy range. The definitive identification of the nature of the current should be addressed
by the instrument suite of the Magnetospheric multiscale (MMS) mission [Burch et al., 2015]. At D1 the velocity
of the FTE front matches magnetosheath velocity. A different perspective is shown in Figure 9 which corre-
sponds essentially to a projection, on the (XZ) plane, of Figure 8. The measured magnetic field arrows, plotted
along the ion flow trajectory, are superimposed on the proposed magnetic configuration. Figure 9 illustrates
the matching between the model and the directions of measured magnetic vectors. In the model displayed
in Figure 9, the reversal of the L component observed at D3 corresponds to a slight upward (in the Z direc-
tion) displacement of D3 with respect to the spacecraft, while D2 corresponds to the transition between field
lines having one and two magnetic footprints on Earth. The number of footprints on Earth is indicated by a
circled number.

4.4. Temporal Evolution of the FTE
The locations of the discontinuities, the direction of their normal vectors and the orientation of the magnetic
field are used to build the shape of the FTE projected on the (XZ) plane and its time evolution on Figure 10.
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Figure 10. Composite view showing the projection, on the (XZ)gse plane, of the shape of the FTE at successive times;
one panel every 10 s. The evolution of the shape is built by extrapolating the motion of the discontinuities: D1 (red),

D2 (green), and D3 (blue). The thin black line is drawn along the ion flow velocity measured on board at C1 location. Red
dots show where C1 was at the time indicated on each panel. (first panel) Discontinuities D2 and D3 merge when D1 is
crossed by the satellite. (last panel) The profile of the FTE breaks around 1132 UT; see text.

In Figure 10 the successive positions of the spacecraft are indicated by red dots. The panels are equally spaced
in time; one every 10 s. The structure of the FTE shown in Figure 10 looks like a poleward moving bump pro-
truding first outward and then inward, similar to the one described by Sibeck [1990]. Yet at variance with
Sibeck’s model the trailing edge of the bump splits into two RDs and the magnetosheath plasma pene-
trates through these discontinuities. D2 and D3 are found to move at different normal velocities; D3 moves
at ~65(+7) km s~', while D2 is moving at ~ 225(+56) km s~'. Under the assumption that the discontinuities
move along their normal vectors at constant velocities, the position of each of the discontinuities and the
corresponding temporal evolution of the FTE are calculated at earlier times. This backward extrapolation indi-
cates that the discontinuities D2 and D3 did coincide (were stacked together or superposed) around 1130:50
(see Figure 10 (first panel)) when the spacecraft crossed D1. This coincidence/stacking is to be expected since
D2 and D3 are almost parallel and D3, the last to be met, moves slower than D2. Thus, given that D2 and D3
carry currents in opposite directions their colocation could correspond to a weak local parallel current. Yet this
signature could also be associated with the crossing of a separatrix. This interpretation implies that the split-
ting, and presumably the ion jet acceleration, started after 1130:50 which tell us that the splitting occurred
less than 2 R, (40 s times 300 km s~') below the spacecraft; that is around Z ~ 7 R, which is well off equator.
Event 2 is a case of stacked configuration; it is discussed in section 6. The FTE could also have been initiated
nearer from the equator, as a magnetic vortex, but with no magnetosheath plasma penetration. On the other
hand the forward extrapolation (Figure 10) indicates that about 30 s later the FTE bulge steepens and tends
to break, as time evolves, which confirms an earlier suggestion (section 4.3). Thus, it seems that the lifetime
of the FTE might be shorter than expected or that the FTE is not continuously evolving. The examination of
event 2 (in section 6) will fuel this discussion. Before this we will look for a process that could break down the
frozen in of the plasma and allow the acceleration and penetration of magnetosheath plasma inside the FTE.

5. Electron Acceleration

Figure 11 shows the flux of low-energy (~36 eV to ~200 eV) electrons versus pitch angle, in three energy
ranges. As expected electrons in the lowest energy range have large fluxes in the magnetosheath, outside the
FTE, in regions A and D. Inside the FTE large fluxes of bidirectional electrons are observed in the three energy
ranges but not during the same time periods. In the lowest energy channel (36-50 eV) large fluxes of bidirec-
tional electrons are observed between D2 and D3 (region C), but their flux is particularly small between D1
and Da, which corresponds to the density depletion shown in Figure 4a and to the region where accelerated
ions do not penetrate as described in subsection 4.1. At slightly higher energies (50-100 eV) enhanced fluxes
of electrons are also observed in the parallel and antiparallel directions, between Da and D3 and hence on
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Figure 11. Angular distribution of the flux (in erg/cm? s str eV) of low-energy electrons in three energy ranges: (top)
36-50 eV, (middle) 50-100, (bottom) 100-196. Discontinuities are indicated by violet spots. Bidirectional field-aligned
electrons are observed inside the FTE over time periods that depend upon the energy channel.

open as well as on closed field lines. At still higher energies (100-200 eV) the electron flux is more sporadic
but remains generally bidirectional and covers the whole time interval between D1 and D3. In the three
cases the fluxes are comparable or larger than in the magnetosheath, indicating that the observed electrons
come from the magnetosheath and are accelerated or heated in the parallel and antiparallel directions. These
bidirectional fluxes of electrons can play an important role at breaking the frozen-in approximation; it is there-
fore interesting to try to understand how they are formed. Two possible mechanisms are considered: wave
acceleration/heating and DC E-Field.

5.1. Wave Acceleration/Heating

As already mentioned, wave intensity is strongly enhanced, in particular between 1131:10 (Da) and 1131:45
(D3). This time interval corresponds to the bidirectional accelerated electrons, shown in Figure 11 (middle),
suggesting a possible link between waves and electron heating/acceleration. Chaston et al. [2008, 2012] and
Roux et al. [2011] made similar observations on the basis of Cluster and THEMIS data. They showed that the
waves they observed near the magnetopause were kinetic Alfvén waves (KAWs) with large k| p;. Their frequen-
ciesin the spacecraft frame are strongly Doppler shifted and largely exceed the frequency in the plasma frame.
Given that KAWSs have a small but finite 6£ they can heat electrons along field lines, in parallel and antiparallel
directions via inverse Landau damping. The wave parallel electric field can break the frozen-in condition and
the amplitude of waves (~ 3 nT) is large and could therefore ensure the transport of ions. In this interpretation,
however, heated/accelerated electrons should have V|, ~ w/k with w = +k V k,p;/A/B; +2/(1 + T, /T)
given by the KAW dispersion relation (§; being the ratio between the ion thermal pressure and the mag-
netic pressure, and T; (respectively, T,) being the ion (respectively, electron) temperature) [see, for instance,
Sahraoui et al., 2009, and references therein]. Given that V,, the Aflvén velocity (B/ \/W), is relatively small
(~150 km s7") large k| p; are needed to fulfill the above condition. Thus, wave heating is a viable process
for the lowest-energy channels but probably not for the 100-200 eV; another explanation is proposed in the
next section.

5.2. DCE Fields

The energy versus time dependence of bidirectional electrons observed in Figure 11 can be produced by a
parallel electric potential localized inside the FTE with a maximum near D1 (so mostly on closed field lines) and
decreasing between D1 and D3. Thus, the initially very low energy magnetosheath electrons that penetrate
the FTE gain a parallel energy that depends on how deep they get in; that is how close from D1. Between D3
and D2, they gain ~40 eV, while further inside, between D2 and Da and hence on closed field lines they gain
~100 eV. In this model electrons are accelerated and trapped along the guide field (parallel and antiparallel)
which is essentially in the azimuthal direction. The presence of a parallel electric potential can be understood
as a consequence of quasi-neutrality. Electrons have a much higher mobility than ions, therefore when
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Figure 12. Zoom on FTE period. Similar to Figure 3 but concerns event 2. The three discontinuities D4, D5, and D6
separating different regions of space are shown in yellow.

C
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charged particles penetrate in the FTE, electrons tend to move away from the FTE faster than ions along field
lines. Thus quasi-neutrality implies the existence of a parallel electric field to preserve charge neutrality inside
the FTE [see Le Contel et al., 2000]. Such a parallel electric field could be also due to the electron pressure gra-
dient term in the generalized Ohm law as the spatial scale of the discontinuities reaches the electron scale
[see, for instance, Henderson et al., 2008]. In the present case a maximum in the parallel potential can trap
low-energy electrons and accelerate them along the magnetic field in parallel and antiparallel directions, as
is observed. The potential also regulates the entry of ions. Given that ions have been accelerated through D3,
most ions can penetrate in the core as long as their energy exceeds that of the potential barrier: ~50-100 eV,
which explains why ion, accelerated through D3 hardly cross Da. Note that quasi-neutrality also implies the
presence of parallel currents [Le Contel et al., 2001]; we have indeed given evidence for a large parallel current
localized between D1 and D2 (in section 2.3 and Figure 3e). The structure of this current s sketched in Figure 8.

6. Analysis of Event 2

6.1. Fields and Currents

Figures 12a-12d show full-resolution data from FGM, in boundary normal coordinates, obtained from MVA
applied to the period covered by Figure 2. For this event, the Cluster location in GSE is approximately (9.2,
8.65, and 6.3, see also Figure 1). Again, we see the typical signature of a FTE, with a bimodal signature (+) on
By, and an increase in the modulus of B, from 25 nT to 40 nT, around 1209:40. As for event 1 this maximum
occurs during the early phase of the event; large-amplitude variations in the L direction occur later. As for
event 1 narrow vertical yellow regions, bracketed by pink lines, outline the fast variations in the magnetic field
and/or the density; they are referred to as D4 (~1209:35), D5 (~1209:55), and D6 (~1210:05). The density
estimated from Waves of high frequency and sounder for probing of electron density by relaxation (WHISPER)
the relaxation sounder [Décréau et al., 19971 is shown in panel Figure 12f. Before crossing D4 and after crossing
D6 the density is ~ 20 p cm™3, as expected for the magnetosheath. Between D4 and D5 a large-density drop is
observed, together with an increase in the modulus of B, and a classical bipolar signature of By. The dynamical
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Figure 13. Particle data for event 2. The format is similar to Figure 4. Notice the large-density drop between D4 and D5.

spectrum of magnetic fluctuations displayed in Figure 12e, gives evidence for magnetic fluctuations with an
extended frequency bandwidth and enhanced amplitudes at the boundaries of the FTE (at D4 and D5). Yet
the amplitude ~0.2 nT is more than 10 times smaller than for the first event.

6.2. lons

Figures 13a—13c show ion data, in GSE. The ion density displayed in Figure 13a is consistent with relaxation
sounder data (Figure 12f). Figure 13b shows the ion flux versus energy and time. In regions A (before 1209:30)
and D (after 1210:10) the spacecraft measure a low-energy relatively dense (~20 p cm~3) plasma typical of the
magnetosheath. Energetic ions are detected between 1209:30 and 1210:10 (periods B and C), while the FTE
is crossed. Unlike event 1 escaping energetic ions and electrons (see Figures 13b and 13d) do not continue
to be observed after the magnetic signature of the FTE. The flow velocity component is V, ~ —170 km s~
in the free magnetosheath (regions A and D). Its modulus is slightly enhanced during the FTE and reaches
V, ~ =220 km s7' in region B.

6.3. Electrons

Figure 13 shows the electron flux, in directions antiparallel (d) and parallel (e) to B for C3. There are almost
no electrons beyond a few hundred eV in regions A (before 1209:30) and D (after 1210:10) which confirms
that regions A and D correspond to the free magnetosheath, with no magnetic footprint on Earth. A sudden
increase in the electron flux above 1 keV is observed at ~ 1209:30 in the antiparallel flux (Figure 13d), in the
perpendicular flux (not shown) and slightly later (one or two spin period later) in the parallel one (Figure 13e),
while the magnetic signature of the FTE develops. A similar behavior is observed on other spacecraft. Being
farther C1 observes energetic parallel electrons during a shorter time period while C4 which is closer observes
energetic electrons during a longer time period. As for event 1 the flux of energetic electrons above 1 keV in
region B (see Figures 13d and 13e) does not change much with pitch angle, which is typical of closed field lines.
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same as for Table 1. For event 2, however, we

?Conclusion line in boldface. did not identify a discontinuity correspond-

ing to Da. Table 2 shows that for D4, < B, > is

finite, but @ is larger than the standard deviation, and AN is large; we therefore conclude that D4 is a TD. D5

has a very small < B, >, alarge 6, and a large AN; itis a TD. D6 has a large B,,, a small 6, and a negligible density

variation; it is a RD. D5 and D6 being too close we could not carry out a reliable de HT analysis of individual
discontinuities for event 2.

6.5. Comparison Between the Two Events

While event 2 is shorter, it shares many characteristics with event 1. For both events region B is characterized
by (i) nearly isotopic energetic electrons, (ii) a strong density depletion, and (iii) a maximum in the modulus of
B. Hence, for both events region Bis on closed field lines. In region C (i) energetic electrons are still present but
they are strongly anisotropic and escape along open field lines and (ii) the density is close to that of the mag-
netosheath. As for event 1 region C corresponds to field lines connecting the Earth to the magnetosheath (one
foot on Earth). For event 2, however, D5 and D6 are stacked together and we do not observe a penetration of
the magnetosheath plasma, nor do we observe any evidence for enhanced fluxes of bidirectional low-energy
electrons. The event 2 FTE is no longer injecting magnetosheath plasma on closed magnetospheric field lines.
Thus, it seems that FTEs can be either active or passive.

7. Summary and Conclusions
A multipoint and multi-instrument study of two FTEs has led to the following results.

1. The two FTEs can be divided in different regions: the leading and the trailing regions separated by sharp
discontinuities associated with thin current sheets.

2. Remote sensing of field line topology, via energetic electrons, and estimates of electron temperature lead
to conclude that magnetic field lines in the leading region are closed, with two footprints on Earth, while
field lines in the trailing region are opened, with one footprint on Earth. Possible configurations of closed
and opened field lines are shown in Figures 8 and 9.

3. Field lines in the leading region (region B) form a flux rope oriented essentially in the azimuthal direction.
The corresponding current (~ 25 nA/m?2) produces a helical magnetic field which is stronger than the dipole
field and opposed to it.

4.For event 1 magnetosheath ions penetrate through the edge of the trailing region (region C) of the
FTE where they are accelerated in a thin current sheet (D3) corresponding to a rotational discontinuity.
Then accelerated ions penetrate through D2 (also a RD) in region B, on closed field lines, at least for event 1,
but for the second event few magnetosheath ions and electrons penetrate in the flux rope because they can
hardly cross D5 (apart from finite Larmor radii effects) which is a TD. We therefore conclude that event 1 cor-
responds to an active FTE injecting magnetosheath plasma in the magnetosphere, while event 2 is passive;
presumably the remnant of an active FTE. In what follows we concentrate on event 1.

5. The orientations of the discontinuities and the directions of the magnetic field were used to determine the
shape of the FTE. The FTE looks like a bump protruding first outward and then inward. It moves poleward
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(more precisely along L). This is similar to the model proposed by Sibeck [1990]. Yet at variance with Sibeck’s
model the trailing edge of the FTE splits in two rotational discontinuities that accelerate magnetosheath
ions and inject them on closed field lines.

6. The determination of the velocity of the discontinuities D2 and D3 along their normal vectors allows an

estimate of their locations at earlier times, assuming that discontinuities move at constant velocities and
directions. This backtracking (backin time) leads to conclude that about 40 s (corresponding to ~2 R;) before
being crossed by the spacecraft the two discontinuities were colocated or stacked together. Given that they
correspond to oppositely directed currents, the sum produces a very small total current which suggests that
current sheet acceleration was not yet active in the stacked configuration. For event 2 the stacked config-
uration was not found to drive the penetration of the magnetosheath plasma. The FTE could have started
nearer from the equator, as a magnetic vortex with no interpenetration of surrounding plasmas. Magnetic
activity might also be periodic.

7.0n the other hand when D2 and D3 are moved forward to infer the evolution at later times, the FTE is found

to steepen and possibly break. This might suggest some kind of periodic formation/breaking that brings
together topologically distinct domains, like in the simulations of Dorelli and Bhattacharjee [2009].

8. The energy/time signatures of the observed bidirectional (parallel and antiparallel) low-energy electrons,

within the FTE, are tentatively interpreted in terms of a positive parallel electric potential, localized inside the
FTE, that traps magnetosheath electrons and prevents them from leaving too rapidly the FTE. The deeper
electrons penetrate in the FTE (i.e,, the closer from the leading edge), the larger their energy gain. Hence,
the presence of an electric potential can be driven by the need to preserve charge neutrality. This parallel
electric field breaks the frozen-in condition.

9. Event 2 shares many characteristics with event 1. Yet unlike event 1 the two discontinuities observed at

the trailing edge of event 2 are stacked together and do not allow the transport on closed field lines. The
comparison between the two events as well as the inferred evolution of D2 and D3 (see point 6) suggests
that FTEs could exist in two states depending on whether current sheets located at the trailing edge are split
or stacked. In split current sheets the acceleration of magnetosheath ions and their penetration on closed
field lines occur at different places; reconnection is “active.” In stacked current sheets the magnetosheath
plasma can be accelerated, but it does not penetrate on closed field lines. More events should be analyzed
before transforming this suggestion into a firm conclusion.

Appendix A: Uncertainty on 6

The uncertainty in the determination of # comes from two sources (i) the uncertainty in the knowledge of the
directions of AV and AB and (ii) the uncertainty associated with their projections on the discontinuity. The
latter is due to the uncertainty in the determination of the direction of the normal n. This uncertainty, A,
is given in Table 1; it can reach 18°. It is easy to see, however, that this uncertainty, which intervenes in the
projection of an angle, provides a second-order contribution to 6; hence, it has a small influence on the results.
To show this, let 7 be the measured angle between AV, and AB; 7 is related to 6 via the classical formula:

cos(t) = cos(8) cos(y) cos(w) + sin(y)sin(w) (AT)

wherey and w are the angles between AV and AB and the plane of the discontinuity. We assume thaty ~ ware
small and notice that they are of the order of the standard deviation Aa. Then, expanding the trigonometric
functions in the small parameter Aa we find from (A1)

cos(t) = cos(8 + 80) ~ cos(d) — 60 sin(d) ~ cos(O)[1 — Aa’] + Aa? (A2)
After simplification, we get from (A2)
60 = (Aa)*(cos O — 1)/sin O ~ (Aa)*(8/2) (A3)

for small 6.
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Aa and 0 are given in Table 1. (A3) shows that the uncertainty on « gives only a small contribution to the error
on 6: ~ 4° for D1, 0.4° for D2, 0.12° for D3, 0.4° for D4, 1.8° for D5, and 0.04° for D6.

Regarding the other error source we estimate that the uncertainty in the determination of the direction of
AV, is of the order of 10%. B is known within an accuracy better than 0.1 nT. Thus, for the sake of simplification
we neglect the uncertainty on B. Thus, 6 is defined by

sin® = (AV x AB)/(AVAB) (A4)

Where the indexes have been dropped. After some straightforward algebra we get to the lowest order
in5(AV)

660 ~ [6(AV)/(AV)][(sin(8) — 1]/(cos 6) (A5)

60 < 2[6(AV)/(AV)]/(cos 6) (A6)

Assuming [6(AV)]/(AV) ~ 0.1, we find 66 < 0.2/(cos 6). This formula is used in Tables 1 and 2.

Appendix B: Uncertainty on 6V,

According to Khrabrov and Sonnerup [1998] and Dunlop and Woodward [1998], there are at least two reasons
that could explain the difference between the two estimates of §V,: (i) the motion of the discontinuity could
be nonuniform and (ii) the discontinuity could be nonplanar. The first option is unlikely because the normal
components of the ion velocity measured on both sides of D2 are about the same. The second possibility
is more likely to explain the difference because D2 has been shown to correspond to a flux rope and hence
should have a more or less circular cross section, as illustrated in Figure 8. An independent argument is given
below. For each spacecraft we have calculated the normal n to D2 by minimum variance analysis. Then the
divergence of n gives the scale of the curvature: ~3800 km which corresponds approximately to the size of
the flux tube (10 s times 370 km/s). Thus, the curvature of the discontinuity is likely to explain the difference
between the predicted and the measured values of 6V,.
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