Formation of the thin current sheets in substorms
and its relation to the magnetic reconnection
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Abstract: The dynamical structure of current sheets during the drgatase of substorms is examined using Cluster
multi-satellite observations. We present an event in wihighcurrent sheet temporarily becomes a non-Harris current
sheet, namely, a bifurcated current sheet, and then a sligeanvover-intense current in the center in the last stage of
the growth phase. Temporal variation of the current shéekrnibss caused by a compressional wave with a time period of
several minutes is also observed. It seems associated heitto¢al activity in a different local time sector. Sausagede
oscillation of the current sheet which is observed in theaespon phase or associated with fast plasma flows, is notifoun
during the growth phase.
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1. Introduction 16]. Temporal variation of the current sheet structure righ
Formation of thin current sheets with a vertical scale of angilrs]gérphpeoéggg?]g;gogc?rr:g g;ﬂiggiﬁgedcg Qggﬁgggnﬁg%or
ion inertial Ieng_th is considered to be one .Of the most IMPOIt -\ eates a intense current in the center or bifurcated sirelct
%néﬂg\?ggiﬁsbg jgggltoUg&ggiﬁ)?ﬁ:gigfﬂesﬁclg gfa,[ﬁ'ét_%j’Although such type of the variation has been reported only in
y Yhe substorm expansion phase or associated with fast flgyws [9

netic reconnection in the magnetotail. Gradual thinninthef this may be another important mechanism if it exists in the
current sheet in the growth phase has been reported repeate rowth phase

{ﬁ?‘ cllr’r (:r?t slhgéﬁbog}/g:/:trﬁ;hsesgs?c:?x%%ss gtbsggvl‘."‘rm?dsug;th In this paper, we report two examples of the current sheet
In cu u was fimi dynamical structure in the substorm growth phase, with a tem

regionXys, > —15REg. i i
- . : . poral oscillation of the current sheet and with a curreneshe
On the other hand, the initial location of the X line formatio structure different from the Harris-type structure. Wepalss-

is revealed to be in the region30 Rg < Xgom < —20 Rp P : X
from the past observations [12, 13, 6]. Only a part of the nearcyss the possibility of these structure relating to the firom

Earth current sheet becomes thin comparable to the ionahert of the magnetic neutral fine.

length [1]. On average it is only down to several thousands

km. This is usually interpreted as the spatial localizatibthe 2. Opservation

“real” thin current sheet formation. L _

However, recent observations have revealed that the ¢urren We use magnetic field data obtained by the fluxgate mag-
sheet structures frequently deviate from the normal Haype ~ netometer (FGM) experiment [3] with the time resolution of
current sheet, namely, over-intense current in the cemte-o 4 Séconds, and proton moments obtained by the Composition
furcated current sheets [2]. An embedded thin intense ourre @nd Distribution Function Analyser (CODIF) or ion bulk velo
in the center is found to be extended to the tail regigg,, =  City by the Hot lon Analyzer (HIA) of the Cluster lon Spectro-
—30 Ry [14]. Such a type of current sheet may be importantmetry (CIS) instrument [15_] with the time re_solutlon of4-12
in the evolution of instabilities which lead to the X line foa- ~ S€conds (depends on the interval and the instrument).iPrese
tion, yet the direct observation of such type of the thinentr t€d current density is calculated using curlometer-teqii
sheet by the single satellite was difficult. Wlth the magnetic field obtained from four satellites witle th

Furthermore, the current sheet in the growth phase fretyjuentime resolution of 4 seconds.

shows flapping motions [24] or kink-like-mode oscillatidr®]
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-
Y. Asano. Tokyo Institute of Technology (JSPS Research Fellow), mary plot of the Cluster observation from 0200 to 0240 UT.
Meguro, Japan. From top to bottom, three components of the magnetic field,
R. Nakamura, A. Runov, W. Baumjohann, and T. Takada.Space proton density and temperature’ current density, afohm-
Research Institute, Austrian Academy of Sciences, Grastriu ponent of the ion velocity are plotted, respectively. Pabl
' 'Shows the relative location of the satellites in the-, yz-,

A. Balogh. Imperial College, London, UK. andxy-planes. Se_para}tiqn among the satellites is gbout 1500
B. Klecker. Max-Planck-Institut fir extraterrestrische Physik, Gar km, CL3 (do_tte.d I|n.e).|s in the southern-most chatlon, whil
ing, Germany. the CL1 (solid line) is in the northern-most location. Swipst

H. Reme.CNSR/CERS, Toulouse, France. onsets are identified from the ground magnetograms at 0212

Received 31 May 2006.

Aerospace Exploration Agency, Sagamihara, Japan.

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



8 Int. Conf. Substorms-8, 2006

(a) 2004 September 3 (a) CL1, Sep. 03, 2004, 0213-0226 UT
£ T T T 10 10t g .
5
Bx 0
wr ) 5 102k 4
E 10
sE - 15 .
op e ool By 3 10k b
SE W 5 g
B2 ?‘V'uv’“ —— e M“ﬁm&fi 0 5
E . El Z 1072 -
0.8 — T 3 a
0.8E i d o b s bt b o B Aot Send i [gfm
0.0
4
[lgv] . VW y b,v .v.w,'wm AA\:‘!, " l'y'uv/v A IVAJ‘A"_ .Lk/.v w,},“[ 'L: (Z) 104 -
107¢ 1 1 L
0.0001 0.0010 0.0100 0.1000 1.0000
frequency [Hz]
CL3, Sep. 03, 2004, 0213-0226 UT
[km s7'] (b) 10? T T T
ut
Xgsm 10° -
Ygsm[Re] -1.5
Zgsm 0.1
(b) 2000 — T 2000 — T 1500 — T 1072 —
1500 o1 o 1500 oy ] tooo - G2+ B S
=1000 |- OL4_ :e ~zlo00 - CLAie - E 500 3
o gowp Mt Ee .o el i
500 F gt 4% 500 - a1 s 0 X &
IS N o o > 500 |- CL4 B g
500 - R e -4 -1000 | B &
1000 L L 000 L L -1500 L L [ T
21000 0 1000 21000 01000 21000 0 1000
Xgsllm] Yyl Xl
. 1078 -
Fig. 1. (a) Summary plot of September 03, 2004 event. (b) |
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UT and 0236 UT (not shown), indicated by vertical lines in Fig. 2. Wave power spectra between 0213 UT and 0226 UT

the panel (a). Evolution of the negative / positive bays & th obtained by CL1 (a) and CL3 (b).

ground magnetograms and auroral breakup (not shown) at 0212

UT onset shows that substorm activities are observed only ophase (kink-mode) oscillation, CL3 in the neutral sheeo als

the pre-midnight sector, there was no activity on the dawe.si - shows the oscillation of up to 0.02 Hz (T = 50 sec) in the com-

Associated with the next onset at 0236 UT, the evolution ef th pressional variation. Note that the kink-like mode ostitia

negative and positive bays as well as auroral expansionéste s found to propagate toward the dusk side of the magneto-

to the post-midnight region, where the satellites are etand  tail with the velocity of about 5&m s~*, namely, toward the

the Earthward fast flow is observed. local onset active region, with the timing analysis®yf during
Before the first onset at 0212 UT, Cluster observes almoshe interval. Thus, the current sheet can temporarily chitsg

constant cross-tail current densify ~ 3 nA m~2 without  thickness before the local onset of the substorm activiies

any distinct variation or disturbance of the magnetic field 0 0236 UT.

any fast plasm flowB, shows slight decrease, indicating the

formation of the stretched magnetic field configuration ia th 2 2 Temporal atypical structure

magnetotail.B, remains~ zero, namely;, remains to be a Here, we show another example of the current sheet in the
cross-tail perpendicular current in the neutral sheetogiss growth phase. This event is observed in August 24, 2003. At
ated with the first onset, periodic variation of the currdreet 1830 UT, the satellites are located slightly on the dawn side
(B;) initiates. While the southern-most spacecraft CL3 staygf the magnetotail. Fig.3 (a) shows the summary plot of the
in the neutral sheet3, from other satellites changes between cjyster observation at 1820-1845 UT in the same format as the
0 and several nT. It can be seen that associated with the peakpigll(a)_ Fig.3(b) shows the relative location of the foatet-
B, at CL1 (0218 UT and 0222 UT)3, at CL3 has the smal- |ites in thexz-, yz-, andzy- planes. The separation among the
lest value, indicating the existence of the out-of-phasdlas  sateliites is about 200 km, which is smaller than the ion-iner
tion in the neutral sheet. Hence, the calculated crosst®il  tjg] scale ¢ 350 km withn; = 0.4 cm—3). The CL4 satellite
rent densityj, in the neutral sheet changes temporarily fromjg |ocated at the southern-most position. Pi2 onset of the su
0 to 8nA m~>. This variation does not accompany aBy  storm is identified from Yinchuan magnetogram at 1836 UT,
or B, variation, which suggests that the oscillation is purelyindicated by a vertical line in the panel (a), which is folkegv
compressional. by a clear positive bay (not shown). Proton velodityshows a
Fig.2 (a,b) shows the Fourier power spectra of the oscillaweak tailward flow with negativé, just before (1834 UT) and
tion by CL1 (northern hemisphere) and CL3 (neutral sheet)after (1837 UT) the onset, then the clear fast tailward flow is

While both satellites show the oscillation with the timeipdr  observed at 1840 UT. Before the onset until 1835 UT, all satel
of 2-4 min (f = 0.004 - 0.008 Hz) which comes from the in-
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(a) August 24, 2003
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20 w7 ET o TEOF gy %2 from 9nA m~? to —1 nA m—2, and the third crossing shows
EOO r oL3 [ CLZA _CE:OU e o2 b i 0 h . . h
& o & - o0 |- o - the intense current in the center.
CL3 . .
0 xaa] 0T woq ] O CU“X 1 From the result of these three crossings, we find that the
0 0w 0 m o 0 00 0w structure of the current sheet changes from the bifurcated t

gsmlkm] Xgsmlkm]

the over-intense structure within a few minutes just betbes
Fig. 3. (2) Summary plot of August 24, 2003 event and (b) the —onset of a substorm onset.
relative locations of the satellites at 1830 UT.

lites are located inside the plasma sheet, and repeatestig cr 3- Discussion

the neutral shee, = 0) during the intervalin a gray-hatched |, the above section, we showed that the current sheet can be

area. This vertical motion of the current sheet is with theeti 4, namically changed in the arowth phase of substorms. Fig.5
period of about 1-2 min (f = 0.008 Hz) as is also obtained by y y g 9 P 9

the power spectrum obtained from the satellite observétion

shown). Other components of the magnetic field are generally 2 0L z .

small, B, is about 1.5 nT3, decreases from 1 nT to zero. Je-CLe l ° Center-peaked current sheet
During the first crossing at 1825 UT from the northern hemi- —__LazZ...,..c1h a (Enhanced center current)

sphere to the southern hemisphere, we can easily find that thg-==--{------- BX.oLa -

cross-tail current density, 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 ke t

val. During the second crossing of the neutral sheet (18281 7 7

UT), j, changes from&A m~2 to 9nA m~2, then quickly re- oo B

ducesto-1nA m~2, inside the region wherd, | of the bary- e x °

centric magnetic field is smaller than 2 nT. In the third ixgr g CLb o

from the southern hemisphere to the northern hemisphere, CL I CLa ° Bifurcated current sheet

stays just on the south side of the plasma sheet from 1829 to---* iy

1830 UT B, = —2 nT), B, of CL1 in the northern-most o o
location becomes larger in the northern hemisphere, ibdicaFig- 5. Schematic picture of the variation of the cgrrent sheet
ing the increase of the current density in the neutral shget, Structure from center-peaked current sheet and bifuraaieent
changes from &A m~2 up to 19nA m~—2 atthe end of the in- sheet, and associated observations by four satellites.

terval. The half thickness of the Harris-type current shatt

its peak value 19A m~?2 and lobe magnetic field;, = 25nT,

is about 1000 km. The result suggests that the current is co
centrated in the center of the plasma sheet in this inteFigilé

is the schematic picture of the variation of the current shee
gstructure between center-peaked current sheet and the-bifu
ated current sheets, and associated observations of the mag
shows the variation of, againstB, of barycentric magnetic netic f|_eld (B.) by four satellites is shown In the right panel.
field among the satellites. A thick solid line shows the tirae s There is areport of the sausage-mode oscillation of theotirr

; . sheet in the substorm expansion phase [9] in which they dis-
ggl?(? ﬁﬁeo;‘st?r%r?]blsgzr\éaltﬁ_rlgrgfryzél %2-? ;Jr?'dtg tﬁrf ga%-rt’eg mlgcussed that the oscillation can be described in the framfeeof t
' magnetotail eigen-mode oscillation with the time frequeoic
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0.03-0.06 Hz and 0.15 Hz. There also exists a compressionalbstorm activity at different local time. Such compresaio
wave in the neutral sheet [4, 5, 25]. These studies revelasd t variation are observed associated with the kink-like-made
the wave is closely related to the existence of fast plasmsflo ation of the current sheet.

Note that such kind of oscillation in the growth phase withou

any fast flow has not been reported. We surveyed from the four-

years’ Cluster observations of the neutral sheet assdoidte ~ Acknowledgements
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Theoretically, while the possibility of evolution of thelsa
sage-mode instability is discussed [7], however, the gpisa
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 sausageenusd
cillation enhances in the substorm growth phase, although o
result cannot fully deny the possibility. Furthermore, ewr
ample is associated with the breakup at different local time
and there is the possibility that the oscillation is causgthis
remote activity, propagating to the satellite locatioroassted
with the local disturbances such as fast plasma flows. The pos
sibility that the perturbation generated at the other aageatso
be the source of another onset of the reconnection is disduss
in the solar flare [20].

The other possibility that the variation of the current shee
structure changed from the Harris-type current sheet tbithe
furcated or the over-intense current in the center andlasioa

to the formation of an X line is, on the other hand, suggesteds'

in several theoretical studies. Formation of the curreeesh
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[8] considering the pressure anisotropy, which has beghdur
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tense current in the late stage of the growth phase, carfiysatis
the condition which enhanced some kinds of instabilitiesliie
ing to the magnetic reconnection, and seems to be one of the
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of the current sheet structure is expected in the futureystud

4. Summary

Cluster observations of the magnetotail current sheetan th
substorm growth phase show that in the course of the gradual

current sheet thinning, the current sheet temporarily gaan 1o

its structure to the bifurcated structure and the struciitie
the over-intense current in the center. The current sheet al
shows temporal variation of current sheet thickness in éme ¢
ter, with the time frequency of 0.01-0.02 Hz. The compres-
sional-mode oscillation is possibly associated with thealo
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