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[1] We use Cluster spacecraft observations to study in
detail the structure of a magnetic reconnection separatrix
region on the magnetospheric side of the magnetopause
about 50 ion inertial lengths away from the X-line. The
separatrix region is the region between the magnetic
separatrix and the reconnection jet. It is several ion
inertial lengths wide and it contains a few subregions
showing different features in particle and wave data. One
subregion, a density cavity adjacent to the separatrix, has
strong electric fields, electron beams and intense wave
turbulence. The separatrix region shows structures even at
smaller scales, for example, solitary waves at Debye length
scale. We describe in detail electron distribution functions
and electric field spectra in the separatrix region and we
compare them to a numerical simulation. Our observations
show that while reconnection is ongoing the separatrix
region is highly structured and dynamic in the electric field
even if the X-line is up to 50 ion inertial lengths away.
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observations, Geophys. Res. Lett., 33, L06101, doi:10.1029/

2005GL024650.

1. Introduction

[2] Magnetic reconnection is a dominant process that
allows the transfer of mass, momentum and energy from
the solar wind into the magnetosphere. Reconnection affects
large volumes in space but is initiated at small scales.
Therefore it is fundamental to study in detail its microphys-
ics. Observations at ion and electron scales are few, espe-
cially near the X-line where spacecraft crossings are rare
[Øieroset et al., 2001; Mozer et al., 2002]. In particular,
coordinated high-time resolution particle and field measure-
ments have been reported only in a few cases [Farrell et al.,
2002; Cattell et al., 2005]. The separatrices, the magnetic

field lines connected to the X-line, have been identified
near the X-line by Øieroset et al. [2001] and Mozer et al.
[2002] but not described in detail. More detailed observa-
tions of the separatrices have been reported by Matsumoto
et al. [2003] and Cattell et al. [2005] to provide evidence
of electrostatic solitary waves and electron beams. Despite
of these observations, coordinated high-time resolution
particle and field studies of the detailed structure of the
separatrices and of surrounding regions are missing. Most
of the information has instead been provided by numerical
simulations of reconnection [e.g., Hoshino et al., 2001;
Drake et al., 2003]. Here we present and analyze high-
time resolution particle and field observations of a sepa-
ratrix region (SR) on the magnetospheric side of the
magnetopause (MP).

2. Observations and Analysis

[3] We report Cluster small-scale observations close to
an X-line at the high-latitude MP around 10:58:00 UT on
3 December 2001. The large-scale evidence of magnetic
reconnection is shown by Retinò et al. [2005]. The vicinity
to the X-line is substantiated by the observation of an ion jet
reversal [Retinò et al., 2005, Figure 3]. Reconnection occurs
tailward of the cusp with northward IMF. The measured
magnetic shear at the MP is about 160�. This should be
close to the shear at the X-line because of the vicinity to the
X-line. There is a large asymmetry between the magneto-
spheric (MSP) density �1 cm�3 and the magnetosheath
(MSH) density �20 cm�3. Also there is a velocity shear
�200 km/s between the MSP and the MSH flows. The ion
and electron inertial lengths in the MSH are respectively
lsh,i � 50 km and lsh,e � 1 km. Due to the large spacecraft
separation, we use observations only from SC/3.
[4] We use data from several instruments onboard Cluster

[Escoubet et al., 2001]: (1) electric field E and probe-to-
spacecraft potential from EFW sampled at 25s�1 and 5s�1

respectively (2) magnetic field B from FGM sampled at
22s�1; (3) E waveforms from WBD in the frequency range
1–77 kHz sampled at 219500 s�1 (snapshots of 10 ms
every 80 ms); (4) E spectrograms from STAFF/SA in the
frequency range 8 Hz–4 kHz obtained onboard every 1s;
(5) pitch-angle electron distribution functions fe from
PEACE measured every 2s in the energy range 34 eV–
1.2 keV with accumulation time 118 ms; (6) ion velocity V
from CIS/HIA with time resolution 4s. The E is measured
by EFW only in the spin plane (two components) while E
along the spin axis (�EZ,GSE) is not measured. We obtain an
approximation of the plasma density N from the probe-to-
spacecraft potential [Pedersen et al., 2001].
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2.1. Overall Crossing Close to the X-line

[5] Figure 1 shows the overall passage of SC/3 close to
the X-line. Data are shown in boundary normal coordinate
system (L, M, N) obtained from minimum variance analysis
of the magnetic field across the MP giving bL = (�0.56,
0.78, �0.29)GSE, bM = (0.28, 0.50, 0.82)GSE, bN = (0.78,
0.38, �0.50)GSE. The velocity of the MP in the normal
direction VN is obtained from the deHoffmann-Teller anal-
ysis (HT), VN = V

!
HT � bN � 20 km/s, assuming a stationary

and planar MP. In the frame moving with the MP 1s
corresponds then to 20 km � 0.5lsh,i. We concentrate on
the interval 10:57:51.5–58:21 indicated by the yellow,
magenta and blue layers. 10:57:51.5–58:02 SC/3 is in the
SR (yellow layer). We describe this region in detail in the
subsection 2.2. Then 10:58:02–58:16 SC/3 crosses the tail-
ward jet region (magenta layer) where the ion velocity
increases up to �500 km/s. Next 10:58:16–58:21 SC/3
crosses the rotational discontinuity (blue layer) where BL

changes sign from BL > 0 (MSP value) to BL < 0 (MSH
value) while jBj stays roughly constant.
[6] We compare our observations of the overall recon-

nection layer with an hybrid simulation of reconnection by
Nakamura and Scholer [2000]. The parameters of the
simulation (density gradient across the MP, guide field
and plasma beta) are such that the simulation mimics well
the observations. The reconnection jet and the rotational
discontinuity are recovered but the observations show a
more structured and dynamic reconnection layer. In partic-
ular magnetic structures with bipolar BN are observed at
10:57:59 (in the SR on the MSP side) and at 10:58:25,
10:58:35, 10:58:50 (on the MSH side) on a time scale of a
few seconds. The same polarity of BN is observed all the
time on both sides of the MP. This is consistent with these
structures being bulges propagating away from the X-line
and not just with ripples on the MP. We suggest that they
can be small-scale flux tubes recently reconnected and we
call them micro-FTEs, event though a multi-spacecraft
analysis would be necessary to confirm this interpretation.
We also use the simulation to estimate the distance from the
X-line. From the simulation we estimate the ratio between
the width of the reconnection jet and the distance from the
X-line �7/60 [Nakamura and Scholer, 2000, Figure 10].
Assuming that the width of the jet increases linearly with
the distance from the X-line, we can estimate that distance
knowing the width of the jet. In the observations the width
of the jet (magenta layer in Figure 1) is �15s corresponding

to 6 lsh,i, so that we find an upper limit for the distance from
the X-line of �50lsh,i � 2500 km.

2.2. Structure of the Separatrix Region

[7] We define the SR on the magnetospheric side of the
MP as the layer between the magnetic separatrix and the
reconnection jet. Topologically, the magnetic separatrix is
the field line connected to the X-line. One possible way to
identify the separatrix would be to take it as the boundary of
first transmitted MSH electrons. For this event we instead
identify the separatrix as a boundary in waves because the
time resolution of the WBD electric field instrument is
much higher than that one of the electron instrument. We in
fact expect to see a change in the wave emission due to
plasma instabilities caused by the arrival of the first trans-
mitted electrons. We therefore identify the magnetic sepa-
ratrix around 10:57:51.5 when a sharp boundary is observed
in WBD E spectrogram (Figure 2e). At this boundary the
wave emission becomes more intense and broadband, i.e.,
with no narrow peaks in frequency. We define the boundary
between the SR and the jet region around 10:58:02 using the
ion velocity. Note that because of the lower time resolution
of the ion data (4s) this boundary is not sharp. The SR has a
width of �5lsh,i and it contains a few subregions �lsh,i
wide showing different properties.
[8] The different subregions are indicated in Figure 2. In

Figure 2b only the normal component of the electric field
EN is shown. This component is accurately estimated
because the normal direction to the MP bN is close to the
spin plane where E is measured. The tangential components
EL and EM either are small compared to EN or are not
reliably estimated. The first subregion is a density cavity
adjacent to the magnetic separatrix, labelled 1 in Figure 2,
10:57:51.5–57:53. Inside the cavity N depletes down to 0.2
times its MSP level and EN increases up to �40 mV/m in
the positive direction. The E fluctuations enhance and
become broadband around both flh and fpe. In the second
subregion, labelled 2 in Figure 2, 10:57:53–57:55, N
increases gradually over the MSP level while EN decreases.
The E fluctuations at and below fpe decrease in comparison
with the density cavity while sporadic emissions with
narrow peaks around fpe appear. In the third subregion,
labelled 3 in Figure 2, 10:57:55–57:57, N has a sharp

Figure 1. (a) N, (b) B, (c) V. The magnetosphere (MSP),
the sunward jet, the MSH boundary layer (MSBL) and the
MSH are indicated. The yellow, magenta and blue vertical
layers indicate the SR, the tailward jet region and the
rotational discontinuity, respectively.

Figure 2. (a) N, (b) EN, (c) B, (d) STAFF/SA E spectro-
gram, solid line shows the local lower hybrid frequency flh,
(e) WBD E spectrogram, solid line shows the local plasma
frequency fpe. The SR is indicated in yellow. Data gap in
STAFF/SA spectrogram corresponds to a time interval
where WHISPER instrument was in active mode. Narrow
peaks in frequency around 45 kHz between 10:58:01 and
10:58:03 in WBD spectrogram are due to WHISPER.
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gradient around 10:57:56 where it increases up to�10 cm�3.
The E fluctuations show strong emissions with narrow peaks
around fpe together with strong emission around flh. Finally
10:57:57–58:02 there is a bipolar BN signature within which
N increases over�10 cm�3. After 10:58:02 SC/3 is in the jet
region where N is again around �10 cm�3. We cannot say if
the subregions observed in the SR are spatial or temporal
structures because only data from SC/3 can be used at these
small scales. We nevertheless interpret them as spatial
structures, except for the bipolar magnetic structure at
10:57:57–58:02 that is interpreted as a bulge propagating
away from the X-line (micro-FTE). This is consistent with
the fact that BN is conserved in subregions 1,2 and 3, as
expected across stationary planar boundaries, while it
changes in time during 10:57:57–58:02. Some of the prop-
erties of the subregions are consistent with numerical sim-
ulations of reconnection, for example, the density cavity
adjacent to the magnetic separatrix is found both in
hybrid [Shay et al., 2001] and in particle-in-cell simulations
[Hoshino et al., 2001; Drake et al., 2003]. In agreement with
the simulation by Shay et al. [2001] we find that the density
cavity is lsh,i wide and it has a strong DC E perpendicular
to B. Nevertheless, the detailed structure of the SR and of
its subregions has not been reported in simulations.
[9] The SR shows structures even at scales below lsh,i. E

fluctuations at high frequencies often change spectral prop-
erties (from broadband to narrow peaks in frequency) within
WBD waveforms (�10 ms duration) on a time scale of a
few ms (not shown). This would correspond to a scale
between lsh,e and lDebye if they are interpreted as spatial
structures. This fast change of the spectral properties of
waves has not been reported in simulations. Solitary waves
are also observed in E waveforms on a time scale �0.1–
0.2 ms with amplitude �0.2–1 mV/m (not shown). That

time scale would correspond to a typical size �lDebye
assuming that their velocity is a fraction of the thermal
electron energy �100 eV [Drake et al., 2003; Cattell et al.,
2005]. Cattell et al. [2005] report observations of such
waves within density cavities at the separatrix, together with
waves at frequencies flh– fpe. We observe solitary waves at
the boundary between the SR and the reconnection jet
and throughout most of the jet region, but not within the
SR. We nevertheless cannot completely exclude them: if
their duration is greater than 250 ms then the WBD filter
mode would not render them correctly in the waveforms.

2.3. Wave-Particle Interaction

[10] For this event we can obtain coordinated high-time
resolution measurements of E spectra and electron distri-
bution functions fe(E) within subregions 1,2 and 3 (see
Figure 3); E is the energy. This allows for the first time a
simultaneous analysis of both quantities inside the SR.
[11] Around 10:57:52, inside subregion 1 (density cavity),

the E spectrum shows broadband emission up to about 4 kHz
while at higher frequencies the E spectrum shows a narrow
peak around fpe followed by broadband emission. The broad
peak around 60 kHz (also observed in the other two
subregions) is due to a type III solar burst and is not a local
emission. The fe(E) shows two populations: a hot beam in the
parallel direction (0�) of few hundreds eV having a positive
slope and a cold population in the antiparallel direction
(180�). The velocity of the hot beam corresponds roughly
to the local electron Alfvén velocity VA,e. Around 10:57:54,
inside subregion 2, both the E spectrum and the fe(E) change.
The E is broadband with no clear narrow peaks and with
much lower amplitude at low frequencies than in the cavity.
The fe(E) in parallel direction is the largest up to E < 100 eV
while is more isotropic at higher energies. Finally around
10:57:56, inside subregion 3, the E spectrum shows similar
properties as in subregion 2 but it also has peaks both at flh
and at fpe. The fe(E) is similar but there is also indication of a
weak beam in parallel direction. Figure 4 sketches the
reconnection geometry, main regions crossed by SC/3 are
indicated with the same colors as in Figure 1. A zoom of the
SR (yellow region) is shown in the inset.
[12] To investigate the wave-particle interaction inside

the SR we would like to compare our E spectra and fe(E) in
the three subregions with those in particle-in-cell simula-
tions of magnetic reconnection, which can best resolve the
details of the SR. To our knowledge the only simulation
where such comparison is made in detail is the simulation
by Hoshino et al. [2001]. The simulation is a two-
dimensional particle-in-cell simulation designed to mimic
symmetric magnetotail reconnection while our observations

Figure 3. (top) E spectra measured by SC/3 within
subregions 1, 2 and 3. Time intervals over which spectra
are calculated are shown in the legend. The spectral ranges
of flh and of the electron cyclotron frequency fce are marked
yellow while fpe is shown with black lines. (bottom) fe(E)
for three different pitch angles measured within 118 ms
every 2s around the same times as E spectra. 0� is away and
180� toward the X-line. The black vertical line is the energy
corresponding to the spacecraft potential. Gaps in solid lines
correspond to zero counts.

Figure 4. A sketch of the reconnection geometry. A zoom
of the SR is shown in the inset.
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refers to reconnection at the magnetopause with density
gradient and velocity shear. Also the simulation is limited to
a distance �10lsh,i from the X-line while observations are
obtained further away. Nevertheless we find many common
features between our observations and the simulation. Our E
spectra and fe(E) in the density cavity are similar to those at
the magnetic separatrix in the simulation. The E spectrum
[Hoshino et al., 2001, Figure 7 (bottom left, dashed line)]
shows a peak at the local fpe together with a significant
power in the low frequency range (below fpe), consistent
with observations. The fe(E) [Hoshino et al., 2001, Figure 5
(top left)] shows bi-streaming cold and hot electron pop-
ulations flowing toward and away from the X-line respec-
tively, consistent with observations. Hoshino et al. [2001]
find that the beam flowing away from the X-line reaches
velocity up to the electron Alfvén velocity VA,e, also
consistent with our observations. They interpret the cold
electrons as convected toward the X-line without crossing it
while the hot electrons as accelerated away from the X-line.
In our observations the electron beam could correspond to
MSH electrons accelerated away from the X-line on the
MSP side of the MP. We also compare the E spectrum and
the fe(E) in subregions 2 and 3 with those downstream of the
magnetic separatrix in the simulation. The comparison is
less straightforward, E spectra and fe(E) in simulation are
shown at locations which do not correspond exactly to
subregions 2 and 3. We just mention that downstream of
the separatrix there is less power at low frequencies than
within the separatrix [Hoshino et al., 2001, Figure 7 (top
left, dashed line)], consistent with our observations. Also
the fe(E) is isotropic at high energies [Hoshino et al., 2001,
Figure 5 (top right)] as in the observations.
[13] A complete analysis of wave modes and excitation

mechanisms within the SR cannot be done here, we just
mention a few possibilities. In the cavity the broadband
emission from flh to fpe could be produced by a two-stream
instability between ions and electrons and/or between hot
and cold electrons, as also suggested by Hoshino et al.
[2001], or by density gradients. The size of the cavity
(�lsh,i) is such that only electrons are magnetized and
therefore they would E

! � B
!

drift in the strong EN relative
to ions. Broadband emission above fpe could also be
produced by a two-stream instability between hot and cold
electrons. In subregion 3 the peak at flh could be lower
hybrid waves generated at the sharp density gradient while
the narrow peak at fpe could be produced by the weak
electron beam in parallel direction.

3. Summary and Conclusions

[14] We have presented detailed observations of a mag-
netic reconnection separatrix region on the magnetospheric
side of the magnetopause. Observations are obtained close to
the X-line as supported by the observation of a reconnection
jet reversal. Comparison with a numerical simulation indi-
cates that spacecraft crosses the separatrix region �50lsh,i
from the X-line. The separatrix region is located between the
magnetic separatrix and the reconnection jet and it is several
lsh,i wide. The magnetic separatrix is identified with high-
time resolution as a boundary in high frequency waves. The
separatrix region contains a few subregions each about lsh,i
wide showing different properties in particles and waves. In
particular one subregion, a density cavity adjacent to the

magnetic separatrix, has a typical size lsh,i, strong DC
electric fields, broadband turbulence around both flh and fpe
and hot and cold electrons away and toward the X-line
respectively. The separatrix region shows structures even at
scales below lsh,i, for example, solitary waves at scales down
to lDebye are observed at the boundary between the separatrix
region and the reconnection jet. We analyze simultaneous
high-time resolution measurements of E spectra and electron
distribution functions in the different subregions and study
wave particle interactions there. Observations are in agree-
ment with a particle-in-cell numerical simulation, in partic-
ular within the density cavity where we suggest that
broadband turbulence can be excited by two-stream instabil-
ity mechanisms. Our observations of the separatrix region
show that this region is highly structured and dynamic in the
electric field even though the X-line can be up to �50lsh,i
away, suggesting that ongoing reconnection at the X-line can
provide much free energy in the separatrix region even away
from the X-line.
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