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Small scale Cluster observations of current sheet
disruptions during substorm

0. Le Contel, F. Sahraoui, A. Roux, D. Fontaine, P. Robert, J.-A. Sauvaud, C. Owen,
and A. Fazakerley

Abstract: We present a substorm event and show that the pre-existing thin current sheet with a thickness of the order
of the proton Larmor radius and current carried by electron (in the spacecraft frame) thickens under the effect of
electromagnetic fluctuations at three scales: (1) low-frequency drift waves (' 20 mHz), (2) proton cyclotron / electron
bounce waves (0.2 − 10 Hz), (3) whistler waves (40 − 180 Hz)). We focus on the latter type and show that they are
associated with small scale current structure (c/ωpe < l < c/ωpi ' ρi).
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1. Introduction

Schematically two categories of substorm models can be
distinguished depending on the onset location [19] : (i) the
near-earth neutral line models where an X-line atX ∼ −23RE

produces earthward and tailward flows; the pileup of these earth-
ward flows accounting for the tailward propagating front of the
dipolarization. (ii) current disruption models where a micro-
instability interrupts the cross-tail current which is diverted to-
ward the ionosphere first between6 − 15RE.

Analytically, these two categories are also clearly distinct
[30]. The formation of a near-earth neutral line is understood
as resulting from a tearing instability characterized by a wave
vectorkx � ky along the magnetotail therefore perpendicular
to the equilibrium cross-tail currentJy (e.g. [38]). On the other
hand, the current disruption models rely upon instabilities with
a wave vectorky � kx along the cross-tail current and produ-
cing parallel and perpendicular current signatures modulated
in they direction.

These two categories of models have induced two types of
data analysis. Indeed in the former case the time-variationof
the magnetic field are interpreted as a signature of a steady
structure, the so-called ”Hall current system” with its charac-
terized quadrupolar By signatures (e.g. [32]), moving across
the spacecraft (s/c) whereas in the latter case magnetic struc-
tures are interpreted as signatures of azimuthally moving un-
stable waves passing by the s/c (e.g. [31, 6]).

The mechanism of energy dissipation characterized by its
temporal and spatial scales can be considered as a way to dis-
tinguish between these different models. Indeed in a weakly
collisional or collisionless plasma, the identification ofthe pro-
cesses which lead to the energy dissipation is a longstanding
issue. Again in the former class, often called collisionless mag-
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netic reconnection models, it is suggested that the energy dis-
sipation occurs at different scales for ions and electrons.It is
shown that ions are decoupled from the magnetic field by Hall
terms (in the generalized Ohms law) at a scale corresponding
to their inertial lengthc/ωpi. This scale being larger than the
electron scale, the reconnection rate is found to increase com-
pared with classical resistive MHD rate, where ions and elec-
trons are not considered separately. In the region in between
ion and electron inertial lengths, the electrons are still magnet-
ized whereas ion dynamics can be neglected; the dynamics is
expected to be controlled by whistler waves (e.g. [22, 4]). In
the latter class, the energy dissipation can occur at many scales
from the largest corresponding to the scale of the length of the
magnetic field line via field line or bounce resonance(e.g. [39])
to the smallest via the ion and electron Larmor radius scales
(e.g. [8, 9]). All these processes can be present simultaneously.
The present data analysis belongs to the latter category. We
present a substorm event observed by Cluster and interpret the
observations as a tailward propagating thickening of the cur-
rent sheet as described by [24] resulting from different kind of
unstable waves at different scales.

2. Observations

2.1. Global view
During the summer 2003, the average Cluster inter-satellite

distance was about 200 km. Such a small distance allows ac-
curate computations of the current density using the curlometer
technique (e.g. [29]) even for very thin current sheets or rel-
atively long wavelength waves (λ > 200 km) . We investig-
ate a substorm event observed on August 17th 2003. Around
1650 UT Cluster was located at [-16.8,-5.55,3.33] RE GSM.
Most instruments were in burst mode. Magnetic field data are
provided by the FGM instrument at 14.87 ms time resolution
[3]. Ion and electron particles data come from CIS [28] (only
CODIF on C4 is available) and PEACE [14] respectively. The
time resolution for the moment calculation is 4 s for both parti-
cles instruments but the burst mode allows us to display elec-
tron spectrograms with time resolution of 125 ms. High- fre-
quency fluctuations of magnetic and electric fields are provided
by STAFF [7] and EFW [11] instruments. Their time resol-
ution is 2.22 ms (450 sample/s). Data from different satellite
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are displayed using the following color code: black for C1,
red for C2, green for C3 and blue for C4. According to the

Fig. 1. All data are plotted in GSM coordinates:Bx, By ,
Bz components of the magnetic field, ion density,Vx and Vy

components of the electron (thin line) and ion (thick line)
velocities,Jy component of the electrical current density
computed from curlB (pink line) and equatorial value of the
Jy current density estimated from a Harris model (black line),
half-thickness of the current sheet estimated from a Harrismodel
(see text for details).

Kyoto quick look AE monitor (not shown), the magnetic activ-
ity was high as the AE reaches 1000 nT around 1700 UT indic-
ating that we are probably observing a large substorm. Fig. 1,
first panel, shows that from 1627 UT to 1709 UT, while the
spacecraft cross the magnetic equator several times, the cur-
rent sheet thickens as the GSMBx component of the mag-
netic field varies from−40 nT to 0 nT. During this thickening
three-dimensional electromagnetic waves are present at low-
frequencies (' 20 mHz) as shown by the first three panels.
The study of the low-frequency waves corresponding to the
range of the so-called ballooning mode is out of the scope of
the present paper but is carried out by [18]. On panel 4 the ion
density profile corresponds to the expected variations as the
s/c move from the central plasma sheet (ni ' 1.5 p·cm−3)
to the boundary (ni < 0.1 p·cm−3). The Vx component of
the electron velocity is larger than that of ions but shows the
same variations from tailward, at the beginning of the inter-
val, to earthward at the end (panel 5).TheVy component of
the electron velocity is also larger than that of ions but is al-
most always dawnward (negative) whereas ionVy is duskward
(positive) except at the end of the interval where the electron
and ionVy have large positive as well as negative values (panel
6). On panel 7 theJy current density computed using the cur-
lometer technique (pink) is displayed as well as an estimate
of the equatorial current density (black) from a Harris sheet

model [12]. In order to compute the Harris current density we
fitted the Bx component of the magnetic field measured by
C1 and C3 with an instantaneous Harris sheet model defined
by Bx(t) = BL(t)tanh((z(t) − z0(t))/H(t)) wherez0 and
H represent the centre and the half-thickness of the current
sheet, respectively.BL is obtained either from direct measure-
ments in the lobe region (if the s/c happen to be located in
the lobes) or by assuming the equilibrium of the vertical pres-
sure within the plasma sheet. Both computations lead to sim-
ilar results during the interval.We find that Jy can increaseup
to 80 nA/m2 and corresponds to the current carried by electron
in the s/c frame (Jy,e = −en0Vy,e ' −e ∗ 0.5(p·cm −3) *
(-1000 (km/s))' 75 nA/m2) The fit with a Harris sheet has
also been used to estimate the half-thickness of the CS (H)
displayed on the last panel of Fig. 1. As soon as the s/c are
located inside the CS, the fit works and gives a half-thickness
which is around 1000 km or less. The green curve corresponds
to the local ion Larmor radius computed at the location of C3.
At the beginning of the interval, when all s/c are located far
from the equator (Bx ' −40 nT) it corresponds to the ion
Larmor radius computed in the asymptotic magnetic field of
the Harris sheet model. During this periodH ' ρi (as well
as c/ωpi) and the observed CS structure agrees with the CS
equilibrium models described by [34] in such a regime. Thus
Cluster is observing a thin current sheet with large amplitude
low-frequency electromagnetic fluctuations. The ion dynamics
is very likely stochastic and the current is carried by electrons
(in s/c frame see also [1]).

2.2. Ion scale observations
Now, we focus on a smaller time period (1659-1701 UT)

corresponding to a fast thickening of the CS and a variation of
Bx from - 30 nT to - 10 nT (Fig. 2). However, one should re-
mark that even for these two-minutes time interval, the four
s/c measure almost the same magnetic field, indicating that
the spatial scale of the current sheet is larger than the aver-
age inter-satellite distance (200 km). Indeed for this timeinter-
val the estimated half-thickness from a Harris model is greater
than 1000 km. Thus, the spatial scale of the CS is of the same
order or larger than the proton Larmor radius, computed at
the edge of the CS. However, the validity of the calculation
of ion velocity in such a thin current sheet has been ques-
tionned by [41]. Between 1659:40 and 1700 UT, we observe
a strong decrease of|Bx| associated with large electric field
fluctuations as well as quasi-dc electric field around 20 mV/m,
and a large increase of theVx component of the ion velocity
(up to 1000 km/s), while the ion density remains constant.
The same observations are obtained for electrons velocities up
to 4000 km/s for C4 and to 3000 km/s for C3 (not shown)
which confirms the ion moment calculation. Simultaneously,
the current density obtained from curlB displays large amp-
litude oscillations onJx ' ±20nA/m2 as well as onJy ' from
±10 to±30 nA/m2. Thus, ion acceleration seems to be associ-
ated with large amplitude current density fluctuations. Onecan
remark that these correlations were also observed just a few
seconds before and after, when all s/c were located at the edge
of the current sheet (1659:10 UT- 165925 UT and 1700:10-
1700:25 UT)), although with smaller amplitudes of the electric
and magnetic fields and current density fluctuations. In order
to better characterize the current density fluctuations we have
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Fig. 2. All data are plotted in GSM coordinates excepted the
electric field in SR2 frame:Bx, By, Bz components of the
magnetic field, ion density,Ey component of the electric field,Vx

andVy components of ion velocity,Jx andJy components of the
electrical current density computed from curlB.

performed a spectrogram of the current density waveform ob-
tained from FGM data, via the curlometer technique. Fig. 3
displays the three components of current density fluctuations
in the (4 s average) magnetic field aligned (MFA) frame. The
largest amplitude is found to correspond to the current density
parallel toB (Jz) while the largest amplitude of the average
magnetic field fluctuations is found to be in the perpendicular
direction (not shown). Frequency range of these fluctuations
corresponds to the proton cyclotron frequency (fci ' 0.2−0.4
Hz for B0 ' 15 − 30 nT) as well as the electron bounce fre-
quencyfbe ' ve/L ' 0.15 Hz for L = 20 RE andEe = 1
keV). We obtain the same results using the current density
waveform computed from STAFF-SC data (not shown). These
spectrograms show a clear signature of parallel current density
fluctuations associated with a fast thickening of the CS which
suggests a micro-instability as a source of these fluctuations,
and that this instability is involved in this magnetic field re-
configuration.

2.3. Electron scale observations
Data gathering in burst mode on STAFF-SC allows us to

analyse the magnetic wave form up to 180 Hz. Fig. 4 (left
panel) displays the average Fourier spectrum computed from
the sum of all 4.55 s duration (2048 points at 450 s/s) Fourier
spectrum performed from 1627 to 1709 UT. Data have been
moved in a (4 s average) MFA frame. We find that the spec-
trum is isotropic below 40 Hz and strongly anisotropicδBR �
δB‖, δBL (R in red andL in green meaning classical right
and left hand components whenk · B > 0) from 40 Hz to
180 Hz. Looking at the spectrogram on Fig. 4 (right panel) for
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Fig. 3. Spectrograms of current density fluctuations computed
from FGM data in a magnetic field aligned frame (Jz

corresponding toJ‖). The time resolution of the spectrogram is
7.612 s and the frequency resolution is 0.1314 Hz. The lower
cut-off frequency has been fixed at 0.2 Hz to be consistent with
the magnetic field aligned frame mapping.

the same time period, we observe that the anisotropic part of
the spectra is caused by very intense short lasting emissions
in the range below the electron cyclotron frequency, observed
during the whole period. A wave polarization analysis, assum-
ing that at each frequency corresponds a unique wave vector
(k · δB = 0), shows that these short time emissions have a
right-hand circular polarization and parallel wave vector(not
shown). However, only a k-filtering analysis such as the one
carried out by [33] in the magnetosheath region will fully de-
termine the wave vector of these intense waves and will permit
to estimate a possible Doppler shift effect. Indeed, assuming a
plasma velocity of 1000 km/s with a wavelength ofc/ωpe ' 10
km gives a Doppler shift about 100 Hz. Now, we focus on one
of the most intense short duration emission observed between
1657:00 and 1657:30 UT. We can see on Fig. 5 panels 2 and
4 that Cluster detects a current structure with a spatial scale
comparable to or smaller than the intersatellite distance of 200
km, asBy andB amplitudes are strongly different on C4 than
on the others s/c. Therefore this current structure has a scale
smaller than the proton Larmor radius or proton inertial length
which are about 1000 km. Associated with this small scale
current structure and minimum of the modulus ofB, we ob-
serve on C2 (red) an electromagnetic wavepacket with a huge
magnetic amplitude of±1 nT whereas the electric field amp-
litude is about±2 mV/m (panels 5 and 6). Note that this wave-
packet is also detected on C1 and C3 (not shown) but not on
C4 (blue). Therefore the wavepacket seems to be very local-
ized within the current structure. Furthermore one can remark
that intense quasi-electrostatic structures are detectedbefore
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Fig. 4. Fourier spectra (left picture) and spectrograms (right
picture) of magnetic fluctuations from STAFF-SC data in a MFA
frame (δBz corresponding toδB‖). The time resolution of the
spectrogram is 4.55 s and the frequency resolution is 0.22 Hz.
The lower cut-off frequency has been fixed at 0.35 Hz to get rid
of any spin modulation effect (see text for more details).

and after this electromagnetic wavepacket. On panels 7 and
8, electron and ion moments are plotted but clearly the mag-
netic field varies strongly on the 4 s time resolution of particle
measurements. Thus there is a large uncertainty in the calcula-
tion of particle moments (Vxi ' 1000 km/s andVyi ' −500
km/s,Vxe ' ±2000 km/s andVye ' 2000 km/s). These mo-
ments can also fluctuate over a time scale shorther than 4 s. For
the same reasons, the comparison between the current density,
computed from curlB, and from particles (panels 9 and 10) can
just be done qualitatively. One can remark that during most
of the time interval the ion current density (thick blue line) is
directed antiparallel to curlB, which implies that the electron
should be the current carriers in the s/c frame. In average the
trend of the electron currents (Jx andJy) agree quite well with
curlB calculations. Finally, the current density measurements
(from curlB) show that the magnetic wave packet is associated
with intense currents up to 60 nA/m2 (Jx) and to 80 nA/m2

(Jz not shown). These intense currents seem to be parallel as
well as perpendicular to the magnetic field (pink dotted line).
Therefore a modeling of these intense whistler waves requires
a stability analysis of a three-dimensional CS equilibrium. Fi-
nally, the high-time resolution electron fluxes show a strong
anisotropy and enhanced fluxes (first and second panels from
the bottom) in association with the large amplitude magnetic
field fluctuations, while Cluster is still located in the plasma
sheet. At this stage, we speculate that this anistropy corres-
ponds to larger fluxes parallel toB than perpendicular. Fluxes
as a function of electron pitch angle will be showed in a next
paper in order to confirm this point. Nevertheless, these ob-
servations are sufficient to indicate that the electron dynamics
seems to be strongly related to the whistler wave activity, as
expected in the electron MHD regime.

UT 16:57:00 16:57:10 16:57:20 16:57:30

Fig. 5. All data are plotted in GSM coordinates excepted the
electric and magnetic field fluctuations in SR2 frame:Bx, By ,
Bz , B components of the magnetic field,δBz , δEy components
of the electric and magnetic fields from 30 Hz to 180 Hz,Vx

and Vy components of electron (thin colored line) and ion (thick
colored line) velocities,Jx and Jy components of the electrical
current density computed from curlB (pink line) and from
electron (thin colored line) and ion (thick colored line) moments.
The pink dotted line inJx panel corresponds to the parallel
current density while the pink dotted line inJy panel corresponds
to the perpendicular current. Two last panels are the high-time
resolution (125 ms) electron fluxes: (i) for different energy
ranges (from 35.8 eV - 22.9 keV) for one angular sector and (ii)
integrated in energy for different angular sectors respectively.

3. Discussion

In addition to low-frequency ballooning modes which are
regularly observed during substorm expansion phase [31, 10,
37, 18], as well as on present data, we have shown that in-
tense waves (f ' fH+ ' fbe ' 0.2 Hz) are detected to-
gether with a fast thickening of the CS. The association of
these waves with dipolarisation and fast flows was reported
also all through the tail [27, 36, 26, 37]. It was suggested by
[16] that the level of emission of the waves may control the
plasma transport in the magnetotail and that this mechanism
can be efficient all through the tail using GEOS-2, Geotail and
Cluster data [17]. It was shown by [25] that the waves can be
generated by a parallel current instability as soon as the drift
velocity between protons and electrons is close to the proton
thermal velocity. However, the fact that the proton cyclotron
frequency is very close to the electron bounce frequency im-
plies that any consistent theoretical calculations shouldtake
into account the effect of the bounce motion of electrons on the
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growth rate of the instability. Such a study considering thepar-
allel current driven instability is currently on progress.Further-
more, while classical wave polarization analysis fail to charac-
terize these waves, we have shown, using the current density
measurements, that these waves corresponds to intense par-
allel current density fluctuations and perpendicular magnetic
field fluctuations. These results should be taken into account
in the future as constraints for testing any instabilities as a
source of these emissions. At smaller scale and higher fre-
quencies, we have identified intense short duration (< 4 s)
whistler emissions (f < fce ' 400 Hz for B0 = 15 nT)
during the oscillations of the thin current sheet.The classical
dispersion relation of whistler (helicon) waves [13], assuming
ω � ωce gives:ω/(k‖vA) = (ω/ωci)

1/2 ' 14 at f = 40
Hz and agrees with the phase velocity obtained from the ra-
tio of δE(ω)/δB(ω) ' 20000 km/s. These intense whistler
waves are observed in association with small scale (l '200
km < ρi ' c/ωpi) current structures. These kind of waves
belongs to the regime of electron magnetohydrodynamics de-
scribed theoretically by [5, 15]. It was shown in a laboratory
experiment by [40] that a pulse of current at the whistler time
scale propagates through the plasma by a whistler waves and
suggest by analogy to “Alfvén wing” to speak about “whistler
wing”. Therefore two different questions can be adressed for
understanding the existence of such intense whistler waves: (1)
what is the origin of such small scale current structures with
c/ωpe < l < c/ωpi?(2) what produces such pulses of cur-
rent at the whistler time scale? In the former case we can sug-
gest that proton cyclotron/electron bounce waves may generate
such small scale current structures which can in turn gener-
ate whistler waves. In the latter case, we suggest that the short
duration pulse of current could be generated by a fast recon-
nection process as described by [5, 2]. To summarize we can
distinguish two scenarii (1) top/bottom: at the scale of thecur-
rent sheet, the CS eigen modes correspond to low-frequency
waves like ballooning. The parallel and perpendicular current
fluctuations associated with ballooning modes can cause par-
allel [25] or perpendicular [21] current driven instablities at
ω ' ωci, ωbe. Then these instabilities create small scale current
structure which can generate intense whistler waves. On the
other hand a bottom/top scenario corresponding to an inverse
cascade, as suggested by [20]. However, in the present case the
process would start by a fast reconnection atωci < ω < ωce

and at small scalec/ωpe < l < c/ωpi. The corresponding
fluctuations could provide a kind of anomalous resistivity for
lower frequency instabilities with larger spatial scale. Note that
the whistler waves are also expected by collisionless magnetic
reconnection models in the ion diffusion region (≤ c/ωpi).
However, hybrid simulation results showed the formation of
a standing whistler wave close to the separatrix (e.g. [35]).
Given our observations of numerous short-duration emissions
of whistler wave in association with small scale current struc-
ture, Cluster would have to remain close to the separatrix dur-
ing the whole period which seems unlikely. Finally, the full
characterization of such small scale structures will not bepos-
sible due to the time resolution of the particle measurement.
Furthermore, even smaller scale structuresc/ωpe, the so-called
“electron diffusion region” are already detected in the subsolar
region [23] and are also expected in the magnetotail. Such stud-
ies are the principal objectives of the future Magnetospheric

Multi-Scale (MMS) mission that includes optimized high-time
resolution of particles as well as field measurements, three-
dimensional electric field and small inter-satellite distances.
On the other hand, the spatial distribution of such small scale
structures and their role on the global dynamics of the mag-
netosphere will be adressed by the Time History of Event and
Macroscale Interactions during Substorms (THEMIS) mission.

4. Conclusion

We have presented a substorm event and have shown that
the pre-existing thin current sheet with a thickness of the or-
der of the proton Larmor radius and current carried by electron
(in the s/c frame) thickens under the effect of electromagnetic
fluctuations at three scales. While the low-frequency (' 20
mHz) scale has not been discussed in detail, we have shown
that fluctuations at the proton cyclotron / electron bounce fre-
quency (0.2 − 10 Hz) correspond to signatures of parallel cur-
rent density fluctuations. They are detected in associationwith
a fast thickening of the CS and accelerated particles suggesting
a micro-instability as a source of these fluctuations as wellas a
trigger for the CS thickening, and the subsequent fast flow. At
higher frequencies, we have identified short duration bursts (<
4 s) of whistler waves (right-hand circular polarization with
k · B0 ' 0) associated with small scale current structures
(l < ρi ' c/ωpi) during the whole substorm period. Focus-
sing on a particularly intense burst of whistler waves we have
shown that these bursts are also associated with enhanced elec-
tron fluxes with a strong anisotropy. More investigations are
needed to understand the origin of these whistler waves and
their coupling with the other scales.
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