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Formation of the thin current sheets in substorms
and its relation to the magnetic reconnection

Y. Asano, R. Nakamura, A. Runov, W. Baumjohann, T. Takada, I. Shinohara, A. Balogh,
B. Klecker, and H. R ème

Abstract: The dynamical structure of current sheets during the growth phase of substorms is examined using Cluster
multi-satellite observations. We present an event in whichthe current sheet temporarily becomes a non-Harris current
sheet, namely, a bifurcated current sheet, and then a sheet with an over-intense current in the center in the last stage of
the growth phase. Temporal variation of the current sheet thickness caused by a compressional wave with a time period of
several minutes is also observed. It seems associated with the local activity in a different local time sector. Sausage-mode
oscillation of the current sheet which is observed in the expansion phase or associated with fast plasma flows, is not found
during the growth phase.
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1. Introduction

Formation of thin current sheets with a vertical scale of an
ion inertial length is considered to be one of the most import-
ant processes in substorm onset mechanisms. In particular,it
is believed to be closely related to the occurrence of the mag-
netic reconnection in the magnetotail. Gradual thinning ofthe
current sheet in the growth phase has been reported repeatedly
[10, 11, 18, 17]. However, these previous observations of the
thin current sheet before the substorm onset was limitted inthe
regionXgsm > −15RE.

On the other hand, the initial location of the X line formation
is revealed to be in the region−30 RE < Xgsm < −20 RE

from the past observations [12, 13, 6]. Only a part of the near-
Earth current sheet becomes thin comparable to the ion inertial
length [1]. On average it is only down to several thousands
km. This is usually interpreted as the spatial localizationof the
“real” thin current sheet formation.

However, recent observations have revealed that the current
sheet structures frequently deviate from the normal Harris-type
current sheet, namely, over-intense current in the center or bi-
furcated current sheets [2]. An embedded thin intense current
in the center is found to be extended to the tail regionXgsm =

−30 RE [14]. Such a type of current sheet may be important
in the evolution of instabilities which lead to the X line forma-
tion, yet the direct observation of such type of the thin current
sheet by the single satellite was difficult.

Furthermore, the current sheet in the growth phase frequently
shows flapping motions [24] or kink-like-mode oscillation [19,
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16]. Temporal variation of the current sheet structure might be
also important in triggering magnetic reconnection. Especially,
since the existence of the sausage-mode oscillation temporarily
creates a intense current in the center or bifurcated structure.
Although such type of the variation has been reported only in
the substorm expansion phase or associated with fast flows [9],
this may be another important mechanism if it exists in the
growth phase.

In this paper, we report two examples of the current sheet
dynamical structure in the substorm growth phase, with a tem-
poral oscillation of the current sheet and with a current sheet
structure different from the Harris-type structure. We also dis-
cuss the possibility of these structure relating to the formation
of the magnetic neutral line.

2. Observation

We use magnetic field data obtained by the fluxgate mag-
netometer (FGM) experiment [3] with the time resolution of
4 seconds, and proton moments obtained by the Composition
and Distribution Function Analyser (CODIF) or ion bulk velo-
city by the Hot Ion Analyzer (HIA) of the Cluster Ion Spectro-
metry (CIS) instrument [15] with the time resolution of 4 - 12
seconds (depends on the interval and the instrument). Presen-
ted current density is calculated using curlometer-technique
with the magnetic field obtained from four satellites with the
time resolution of 4 seconds.

2.1. Oscillation
The first example is observed in September 3, 2004 slightly

on the dawn side of the magnetotail. Fig.1(a) shows the sum-
mary plot of the Cluster observation from 0200 to 0240 UT.
From top to bottom, three components of the magnetic field,
proton density and temperature, current density, andx-com-
ponent of the ion velocity are plotted, respectively. Panel(b)
shows the relative location of the satellites in thexz-, yz-,
andxy-planes. Separation among the satellites is about 1500
km, CL3 (dotted line) is in the southern-most location, while
the CL1 (solid line) is in the northern-most location. Substorm
onsets are identified from the ground magnetograms at 0212

Int. Conf. Substorms-8 : 7–11 (2006) c© 2006 ICS-8 Canada



8 Int. Conf. Substorms-8, 2006

-1000

-500

0

500

1000

1500

2000

-1000 0 1000

Z
g

sm
[k

m
]

Xgsm[km]

-1000

-500

0

500

1000

1500

2000

-1000 0 1000

Z
g

sm
[k

m
]

Ygsm[km]

-1500

-1000

-500

0

500

1000

1500

-1000 0 1000

Y
g

sm
[k

m
]

Xgsm[km]

Fig. 1. (a) Summary plot of September 03, 2004 event. (b)
Relative location of the four satellites at 0230 UT. See detail in
the text.

UT and 0236 UT (not shown), indicated by vertical lines in
the panel (a). Evolution of the negative / positive bays in the
ground magnetograms and auroral breakup (not shown) at 0212
UT onset shows that substorm activities are observed only on
the pre-midnight sector, there was no activity on the dawn side.
Associated with the next onset at 0236 UT, the evolution of the
negative and positive bays as well as auroral expansion extends
to the post-midnight region, where the satellites are located and
the Earthward fast flow is observed.

Before the first onset at 0212 UT, Cluster observes almost
constant cross-tail current densityjy ∼ 3 nA m−2 without
any distinct variation or disturbance of the magnetic field or
any fast plasm flow.Bz shows slight decrease, indicating the
formation of the stretched magnetic field configuration in the
magnetotail.By remains∼ zero, namely,jy remains to be a
cross-tail perpendicular current in the neutral sheet. Associ-
ated with the first onset, periodic variation of the current sheet
(Bx) initiates. While the southern-most spacecraft CL3 stays
in the neutral sheet,Bx from other satellites changes between
0 and several nT. It can be seen that associated with the peak of
Bx at CL1 (0218 UT and 0222 UT),Bx at CL3 has the smal-
lest value, indicating the existence of the out-of-phase oscilla-
tion in the neutral sheet. Hence, the calculated cross-tailcur-
rent densityjy in the neutral sheet changes temporarily from
0 to 8 nA m−2. This variation does not accompany anyBy

or Bz variation, which suggests that the oscillation is purely
compressional.

Fig.2 (a,b) shows the Fourier power spectra of the oscilla-
tion by CL1 (northern hemisphere) and CL3 (neutral sheet).
While both satellites show the oscillation with the time period
of 2-4 min (f = 0.004 - 0.008 Hz) which comes from the in-

(a)

(b)

Fig. 2. Wave power spectra between 0213 UT and 0226 UT
obtained by CL1 (a) and CL3 (b).

phase (kink-mode) oscillation, CL3 in the neutral sheet also
shows the oscillation of up to 0.02 Hz (T = 50 sec) in the com-
pressional variation. Note that the kink-like mode oscillation
is found to propagate toward the dusk side of the magneto-
tail with the velocity of about 50km s−1, namely, toward the
local onset active region, with the timing analysis ofBx during
the interval. Thus, the current sheet can temporarily change its
thickness before the local onset of the substorm activitiesat
0236 UT.

2.2. Temporal atypical structure
Here, we show another example of the current sheet in the

growth phase. This event is observed in August 24, 2003. At
1830 UT, the satellites are located slightly on the dawn side
of the magnetotail. Fig.3 (a) shows the summary plot of the
Cluster observation at 1820-1845 UT in the same format as the
Fig.1(a). Fig.3(b) shows the relative location of the four satel-
lites in thexz-, yz-, andxy- planes. The separation among the
satellites is about 200 km, which is smaller than the ion iner-
tial scale (∼ 350 km withni = 0.4 cm−3). The CL4 satellite
is located at the southern-most position. Pi2 onset of the sub-
storm is identified from Yinchuan magnetogram at 1836 UT,
indicated by a vertical line in the panel (a), which is followed
by a clear positive bay (not shown). Proton velocityVx shows a
weak tailward flow with negativeBz just before (1834 UT) and
after (1837 UT) the onset, then the clear fast tailward flow is
observed at 1840 UT. Before the onset until 1835 UT, all satel-
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Fig. 3. (a) Summary plot of August 24, 2003 event and (b) the
relative locations of the satellites at 1830 UT.

lites are located inside the plasma sheet, and repeatedly cross
the neutral sheet (Bx = 0) during the interval in a gray-hatched
area. This vertical motion of the current sheet is with the time
period of about 1-2 min (f = 0.008 Hz) as is also obtained by
the power spectrum obtained from the satellite observation(not
shown). Other components of the magnetic field are generally
small,By is about 1.5 nT,Bz decreases from 1 nT to zero.

During the first crossing at 1825 UT from the northern hemi-
sphere to the southern hemisphere, we can easily find that the
cross-tail current densityjy is the smallest (∼ 0 nA m−2)
when the satellites are at the neutral sheet. This means that
the structure of the current sheet is bifurcated during the inter-
val. During the second crossing of the neutral sheet (1827-1828
UT), jy changes from 6nA m

−2 to 9nA m
−2, then quickly re-

duces to−1 nA m−2, inside the region where|Bx| of the bary-
centric magnetic field is smaller than 2 nT. In the third interval
from the southern hemisphere to the northern hemisphere, CL4
stays just on the south side of the plasma sheet from 1829 to
1830 UT (Bx = −2 nT), Bx of CL1 in the northern-most
location becomes larger in the northern hemisphere, indicat-
ing the increase of the current density in the neutral sheet.jy

changes from 6nA m−2 up to 19nA m−2 at the end of the in-
terval. The half thickness of the Harris-type current sheetwith
its peak value 19nA m−2 and lobe magnetic fieldBL = 25 nT,
is about 1000 km. The result suggests that the current is con-
centrated in the center of the plasma sheet in this interval.Fig.4
shows the variation ofjy againstBx of barycentric magnetic
field among the satellites. A thick solid line shows the time se-
quence of the observation from 1824 UT to 1826 UT, a thin
solid line is from 1826 UT to 1828 UT, and a thin dashed line
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Fig. 4. jy is plotted againstBx of the barycentric magnetic field.

is the evolution from 1828 UT to 1831 UT. We can see that the
first crossing shows the minimum current density in the center,
during the second crossing, current density quickly decreases
from 9 nA m−2 to −1 nA m−2, and the third crossing shows
the intense current in the center.

From the result of these three crossings, we find that the
structure of the current sheet changes from the bifurcated to
the over-intense structure within a few minutes just beforethe
onset of a substorm onset.

3. Discussion

In the above section, we showed that the current sheet can be
dynamically changed in the growth phase of substorms. Fig.5
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Fig. 5. Schematic picture of the variation of the current sheet
structure from center-peaked current sheet and bifurcatedcurrent
sheet, and associated observations by four satellites.

is the schematic picture of the variation of the current sheet
structure between center-peaked current sheet and the bifurc-
ated current sheets, and associated observations of the mag-
netic field (Bx) by four satellites is shown in the right panel.
There is a report of the sausage-mode oscillation of the current
sheet in the substorm expansion phase [9] in which they dis-
cussed that the oscillation can be described in the frame of the
magnetotail eigen-mode oscillation with the time frequency of
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0.03-0.06 Hz and 0.15 Hz. There also exists a compressional
wave in the neutral sheet [4, 5, 25]. These studies revealed that
the wave is closely related to the existence of fast plasma flows.
Note that such kind of oscillation in the growth phase without
any fast flow has not been reported. We surveyed from the four-
years’ Cluster observations of the neutral sheet associated with
the substorm growth phase, but the presented 2004 Septem-
ber 3 event is an only clear event which shows the oscillation
in the growth phase. Although formation of the thin current
sheet frequently prevents us from observing the neutral sheet
in the growth phase, and not so many events are suitable for
the analysis of the current sheet, the result indicates thatthe
sausage-mode oscillation or the compressional wave is rarein
the growth phase.

Theoretically, while the possibility of evolution of the sau-
sage-mode instability is discussed [7], however, the sausage-
mode instability is found to be not favorable in the substorm
growth phase [26]. Considering their conclusion and our ob-
servational result, it seems difficult that the sausage-mode os-
cillation enhances in the substorm growth phase, although our
result cannot fully deny the possibility. Furthermore, ourex-
ample is associated with the breakup at different local time,
and there is the possibility that the oscillation is caused by this
remote activity, propagating to the satellite location associated
with the local disturbances such as fast plasma flows. The pos-
sibility that the perturbation generated at the other area can also
be the source of another onset of the reconnection is discussed
in the solar flare [20].

The other possibility that the variation of the current sheet
structure changed from the Harris-type current sheet to thebi-
furcated or the over-intense current in the center and its relation
to the formation of an X line is, on the other hand, suggested
in several theoretical studies. Formation of the current sheet
different from the Harris-type structure is classically discussed
[8] considering the pressure anisotropy, which has been further
generalized [21]. It is also discussed that the instabilities in the
non-Harris current sheet leads to the substorm onset mechan-
isms, considering drift-kink instability and lower-hybrid drift
instability [22]. Using three-dimensional full particle simula-
tion, the quick triggering of the magnetic reconnection in the
ion-scale thin current sheet from the intense current in thecen-
ter [23]. Considering these results, our result that the current
sheet temporarily becomes thin in the center and forms the in-
tense current in the late stage of the growth phase, can satisfy
the condition which enhanced some kinds of instabilities lead-
ing to the magnetic reconnection, and seems to be one of the
candidate which is related to the trigger process of the mag-
netic reconnection. Further analysis of the temporal variation
of the current sheet structure is expected in the future study.

4. Summary

Cluster observations of the magnetotail current sheet in the
substorm growth phase show that in the course of the gradual
current sheet thinning, the current sheet temporarily changes
its structure to the bifurcated structure and the structurewith
the over-intense current in the center. The current sheet also
shows temporal variation of current sheet thickness in the cen-
ter, with the time frequency of∼ 0.01-0.02 Hz. The compres-
sional-mode oscillation is possibly associated with the local

substorm activity at different local time. Such compressional
variation are observed associated with the kink-like-modevari-
ation of the current sheet.
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