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Abstract. In this research, the geometrical structures of These tail flapping events generally last several hours and oc-
tilted current sheet and tail flapping waves have been analeur during quiet periods or periods of weak magnetospheric
ysed based on multiple spacecraft measurements and sonaetivity.

features of the tilted current sheets have been made clear fq{eywords Magnetospheric physics (Magnetospheric con-

tr;]e f',:St t|me|. (;I'_he t?]_eo_metrl(;al ft_eatures of tfhe" “'te?' Clurr_?atfiguration and dynamics; Magnetotai; Magnetotail boundary
sheet revealed in this investigation are as follows: (1) elayers)—Space plasma physics (Discontinuities)

magnetic field lines (MFLs) in the tilted current sheet are
generally plane curves and the osculating planes in which thé
MFLs lie are about vertical to the equatorial plane, while the

normal of the tilted current sheet leans severely to the dawrd  Introduction

or dusk side. (2) The tilted current sheet may become very_ . _
thin, the half thickness of its neutral sheet is generally much>I"C€ the discovery of the magnetotail neutral sheet (NS)

less than the minimum radius of the curvature of the MFLs.(N€SS, 1965), whichiis the region where the magnetic field re-
verses its direction, extensive investigations have been made

(3) In the neutral sheet, the field-aligned current density be- s> ) AT !
comes very large and has a maximum value at the center df this field. One significant feature of the tail current sheet

the current sheet. (4) In some cases, the current density is &S) iS that it may have flapping motion in the north-south
bifurcated one, and the two humps of the current density of-direction (Speiser and Ness, 1967; Toichi and Miyazaki,
ten superpose two peaks in the gradient of magnetic strengti-276; Lui et al., 1978). This flapping motion of the current
indicating that the magnetic gradient drift current is possibly Sh€€t may have a wavy profile either along the tail direction
responsible for the formation of the two humps of the current(SPeiser, 1973) or along the dawn-dusk direction (Lui et al.,
density in some tilted current sheets. Tilted current sheetd 978, 1984). Some attempts have been made to study the
often appear along with tail current sheet flapping waves. 1{0119in and natures of the CS flapping with single spacecraft
is found that, in the tail flapping current sheets, the minimum©' WO spacecraft measurements (e.g. Toyichi and Miyasaki,
curvature radius of the MFLs in the current sheet is rathert976; Fairfield et al., 1981; McComas et al., 1986; Sergeev
large with values around Rz, while the neutral sheet may €t @l 1993). Toichi and Miyazaki (1976) have argued that
be very thin, with its half thickness being several tenths ofthe tail flappln_g motion IS possibly cauged by the penetration
Re. During the flapping waves, the current sheet is tilted Of IMF Alfv énic waves into magnetotail or the Pc5 geomag-
substantially, and the maximum tilt angle is generally largerN€tiC pulsation. The four spacecraft measurements of Clus-
than 45. The phase velocities of these flapping waves arel€” Mission (Escoubet et al., 2001) can separate the spatial
several tens km/s, while their periods and wavelengths ar@nd temporary variations of physical processes so as to pro-

several tens of minutes, and several earth radii, respectively!de more opportunities to explore the natures of the com-
plicated tail current sheet. Zhang et al. (2002), Runov et

Correspondence tcC. Shen al. (2003), and Sergeev et al. (2003, 2004), have reported on
(sc@cssar.ac.cn) the low-frequency oscillations of the tail current sheet which
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they have argued are generated by some impulsive sourd® better reveal the detailed quantitative properties of the
in the center of tail and propagating toward the flanks withtilted current sheet. Here we will take advantage of Cluster
velocities of a few tens km/s. Joint observations of Doublemultiple-point observations to quantitatively and explicitly
Star Project (Liu et al., 2005) and Cluster (Escoubet et al.jnvestigate the features of the tilted current sheets, such as
2001) revealed that kink-like waves along the Y-axis can bethe geometric structure of the MFLs (including their curva-
observed at the geocentric distance of 11R(XZhang et  ture, binormal, etc.), the orientation of the current sheet, and
al., 2005). The locations of the occurrence of the tail flap-the current density distribution in the tilted current sheets.
ping motion may be in the rangell Ry >X>—30Rg (Lui The nature of tail flapping motions has also been explored
etal., 1978; Sergeev et al., 1993, 2006; Runov et al., 2005a)and their possible mechanism has been given.

Sergeev et al. (2006) have found statistically that, similar to

BBFs, current sheet flapping events tend to occur at the cen- ) _ )

ter of tail, but these two processes have no one-to-one locad Analysis on the magnetic features of tilted
correspondence. Some theoretical explanations to the causes current sheet

of CS flapping motion have been proposed (Nakagawa anq_he four-
Nishida, 1989; Golovchanskaya and Maltsev, 2005; Malova]ent and

et al., 2007; Erkaev et al., 2008). Nakagawa and Nishida ynamics (Escoubet et al.. 2001). With Cluster magnetic
1989) have suggested that the kink-like waves propagatin X | .
( ) have sugg ke waves propagal easurements (Balogh et al., 2001) and the previously devel-

towards the flanks might be excited by the Kelvm—HeImhoItz%ped multiple point data analysis methods (Chanteur, 1998:

point observations of Cluster have offered an excel-
unprecedented opportunity to study magnetospheric

instability at the plasma sheet. Golovchanskaya and Maltse ) -
> h he flapDi - | he ei arvey, 1998; Dunlop and Woodward, 1998; Dunlop et al.,
(2005) have argued the flapping motions could be the eiger , “q o "ot ) 5003, 20074, b, 20084, b; Shi et al., 2005,

oscillation of the plasma confined in the curvilinear magneti02006_ S t al. 2008). th t densit .
field in the plasma sheet. Malova et al. (2007) have specu="""' onnerup et al., 2 ) the current densi Y magnetic
radient and magnetic field geometry, and motion of the

lated the flapping wave might be induced by the a:symmetricg .

ion flow in the Northern and Southern Hemispheres. ErkaevSheet’ can be found. The actual strugtures of the tail cur-

et al. (2008) have interpreted it as a new kind of MHD wave rent sheet can often be revealed as distinct from the temporal

related to a coexistence of two gradients of the tangential and ar|at|_0ns. . .

normal magnetic field components of the current sheet. To illustrate the main features of magnetic geometry of
The features of the tilted CS associated with the tail CSthe tilted current sheet, two typical cases have been studied

flapping motion have drawn much attention and are still un-:c? de_talls n Secr:. 2'15 In S_ect. 2t2 tthg properties of the tail
der investigation. For the conventional tail current sheet (Lui, apping waves have been investigated.

2004, and the references therein), its normal is approximatelyé 1 Features of the tilted current sheet

along the south-north direction and the current sheet is al-—

most parallel to the equatorial plane. The osculating planegy, this section, we will analyse two single tilted current sheet
of the magnetic field lines (MFLs) in the CS are about ver- ¢rossing events on 5 August 2001 and 3 August 2004 and un-
tical to Fhe equatorlallplane (Shen et al., 2003) anq the curgover the general geometrical features of this kind of current
rgnt inside of the CS is duskward and also cross-wise to thgeet by using newly developed, multi-point data analysis ap-
field. We may call this type of CS a normal current sheet. yrgaches (Shen et al., 2003, 2007a, b, 2008a). In this study,
Sometimes, the normal current sheet may be approximatethe magnetic field data of the Cluster four spacecraft have
with Harris model (Harris, 1962; Lui, 2004; Thompson et 5 time resolution of 4s, where GSM coordinates are used
al., 2005). The tail CS flapping motion may change thepere |t is useful to define the spherical coordinate for any
orientation of the current sheet and lead to the formationgqior direction ¢, ¢) in the frame of GSM. The coordinate

of the tilted current sheet (Sergeev et al., 2003, 2004; Vol-g (0°<6<180) is the angle between the positive z-axis and
werk et al., 2003; Runov et al., 2005a, b, 2006; Nakamurahe yector direction, and referred to as the polar angle; The
et al., 2006; Petrukovich et al., 2006). For the tilted currenteaordinated (0°<¢<360°) is the angle between the posi-
sheet associated with the tail flapping motion, its normal de+jye x-axis and the line from the vector direction projected
viates from the northern direction and sometimes the tiltedyntg the xy-plane, and referred to as the azimuth angle. For
current sheet can be nearly vertical to the equatorial pla”eexample, the dawn direction ery-direction is ab=90° and

Petrukovich et al. (2006) have argued that the tilted current, _>7¢ \while the dusk direction or +y direction is @&=90°
sheet is caused by the slippage of the magnetic flux tubes i%nd<p:90°.

the flapping plasma sheet and found that the magnetic ampli-
tude and magnetic gradient are approximately proportionab.1.1 Case on 5 August 2001
to the steepness of the current sheet.

Nevertheless the 3-D magnetic geometry of the flappingWe first investigate the crossing event of current sheet on 5
current sheet is still not so clear. Obviously, in order to re- August 2001 around 17:4217:47 UT. During this event, the
solve this issue, new analysis methods should be employedpstream interplanetary magnetic field (IMF) is northward,

Ann. Geophys., 26, 3528543 2008 www.ann-geophys.net/26/3525/2008/
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Fig. 1a. The geometric structure of the tilted current sheet during one Cluster crossing event on 5 August 2001. Panel 1: the magnetic field
at the center of Cluster tetrahedron as are the average of those at the four spacecraft; panel 2: the directighal @gpptd the magnetic

field at the center of Cluster tetrahedron; panel 3: magnetic strengths observed by the 4 spacecraft of Cluster; panel 4: the radius of curvature
R¢; panel 5: the direction angleg.( ¢.) of the curvature of the MFLs, that is also the direction angles of the principal normal; panel 6: the
direction anglesfy, ¢) of the normal of the osculating plane, or the binormal, of the MFLs; panel 7: the value of the gradient of magnetic
field strength; panel 8: the directional angtg £, ¢, g) of the gradient of magnetic field strength. GSM coordinates are used here. The

polar angle and azimuthal angle of the position vector of Cluster in GSM are also plotted in the pedgi®tlirection as green and violet
horizontal lines, respectively.

and the magnetospheric activity is very weak with a ratherular, and the averaged distance between its nodes and the
low AE index. At the time of this event, Cluster is about barycenter is about 1200 km.

19.3Rg away from the Earth center and the polar angle and  The magnetic structure of this current sheet is shown in
azimuthal angles of its position in GSM are, (»)=(8%’,  Fig. 1a and b. Panels 1-3 of Fig. 1a show the variation of
206), respectively. The Cluster tetrahedron was nearly reg-magnetic field as the spacecraft cross the tilted current sheet.

www.ann-geophys.net/26/3525/2008/ Ann. Geophys., 26, 33283-2008
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Fig. 1b. The geometric structure of the tilted current sheet during one Cluster crossing event on 5 August 2001. Panel 1: the magnetic field
at the center of Cluster tetrahedron as are the average of those at the four spacecraft; panel 2: the maximum, medium and minimum rotatior
rate of the magnetic field; panel 3: the directional anglies, (v.1) of the first eigenvectoé™; panel 4: the directional angleg,p, ¢.2)

of the second eigenvectéf?; panel 5: the directional angles,§, ¢.3) of the third eigenvectod®; panel 6: the angle between the

first eigenvecto#® and the binormal of the MFLs; panel 7: The three componentsj(, j;) of the current density at GSM coordinates;

panel 8: The three componenfig( jr, jn) of the current density at the local natural coordinates, wligrie the field-aligned component,

jr the component along the curvature ajpd along the binormal; panel 9: the angleg( vg, vn) between current density and magnetic

field, curvature and binormal of the MFLs, respectively. GSM coordinates are used here. The polar angle and azimuthal angle of the position
vector of Cluster in GSM are also plotted in the two panel&/@f/B direction andeé® direction as green and violet horizontal lines,

respectively.

When Cluster crosses the tail current sheet from the North¢z~15°), and finally tailward at the southern side, manifest-
ern Hemisphere into the Southern Hemisphere, the measurddg the typical features of the MFLs of current sheet. At
magnetic field vector points earthward at northern side, therthe center of the current sheet, the magnetic strength drops
northward at the center of the current sheet (its polar angléo the minimum value oBir~2.9 nT. According to earlier

Ann. Geophys., 26, 3528543 2008 www.ann-geophys.net/26/3525/2008/
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investigations (Shen et al., 2007a), the neutral sheet (NS) cavector B has the maximum rotation rat;ei/z along e,
be defined as the region within whidh<+/2Bmin, Where  the median rotation ratg;/* alongé®@ and the minimum
Bmin is the minimum value of the magnetic strength at the
center of the current sheet. Within the NS defined above
the magnetic field vector rotates abouf 26tally from one

boundary to another of the NS (Shen et al., 2008b). Becaus&S normal is just parallel to the first eigenvec@®, and

the main rotation of the magnetic vector occurs within the along the normal direction the magnetic vector has the max-
NS, we may regard the NS as the magnetic vector rotation 172

layer in the current sheet. In Fig. 1a, the boundaries of th mum rotation rateu; ~ (Shen et al,, 2007a, 2008). It can

neutral sheet are marked by two vertical black lines, and th eseenin par_lel 2 of Fig. 1b_ tq;"‘zt’ the maximum rotation rate
center of the neutral sheet/current sheet is denoted by a veff the magnetic field vector ig,"“~1.87/Rg, much larger

tical red line. than the medium rotation raté/z and the minimum rotation

Panels 4-6 of Fig. 1a show the features of the geometryate;./?, implying that this tilted CS is approximately a 1-D
of the MFLs in the current sheet. As seen in panel 4, thestructure withB, and B, being constant approximately. By
minimum curvature radius of the MFLs appears in NS, thatysing the previously developed method (Shen et al., 2007a),
is ~0.28 R=1784km. Note that the magnetic unit vector the half thickness of the one-dimensional NS can be esti-
b (b=B/B), curvaturep. (p.=(b-V)b), and the binormal mated from the magnetic rotation rate as

N (N=bxp./ I;ch‘) are orthogonal to each other (Shen 1),
et al., 2003). Panels 5 and 6 show that the curvature pointél ~ Yk max )
towards earth when approaching NS, while the direction ofFor this current sheet, the largest maximum rotation rate
binormal in the NS is duskward CO”tinUOUSly with |tS po- Mi/nz”laX%]'Sn/RE’ therefore, the half thickness of this NS
lar angle and azimuthal anglesy( ¢y)=(102, 107), im- WAL/ (187 / Ri) 1130 k018 R ;. Another
plying that the MFLs of the current sheet are almost plane pproach for determining the half thickness of the one-

curves and their osculating planes vertical to the equatoria imensional NS is based on the Ampere’s Law (Shen et al
plane. The topology of a single magnetic field line is nearly 2f008b) that is N
0 1

the same as that in a normal current sheet (see the Fig. 5

Shen et al., 2003). ~_ Bnmin
Panels 7-8 of Fig. 1a show the properties of the gradient ng] oo ()’

the magnetic strength. The direction of the magnetic gradient o . _

can reflect the normal of the CS approximately (Shen et al.vagerelé] ) tlrﬁsth?\lsave]rgagesz Sunr_:_e?g i%ng’ggﬁ W:?::z the

2003, 2007b, 2008). Panels 7 and 8 show fhag (i.e. the >~ T T 2 I el T éf the H NS s

direction of VB) is (46°, 298) at the northern sideR >0)

. S h i~ Bmin/ (1o {(j))~890 knr~0.14 R Thus, the half
and (139, 87) at the southern sideB( <0), yielding that . . . i
the normali of the CSINS is approximately (2283). In thicknesses of the NS yielded from the two different meth

addition, at the center of the current sh&® reverses its _ods are very near. Obviously, .the half thickness of the NS
direction and its value minimizes is much less than the half-thickneg#(0.8 R as above
' deduced) of the CS. The eigenvector directiomf o, u3

We may estimate the thickness of the current sheet (Shenare shown in panels 3-5, respectively. The first eigenvector

2007) based on the knowledge @B crossing the current D is (0,1, 0o1)~(42°, 287) at the center of the NS, which

sheet _ylelded from Cluster multi-point measurements. Thels the normal direction of this tilted CS (Shen et al., 2007a).
half thicknessH, of the current sheet may be expressed as

This is consistent with the judgment from the magnetic
H Bo gradient as above. Thus, this tilted CS leans to the dawn side
H=/ dZ=f dB/|VB|~(Bo—Bmin)/ (IVB]), (1) by about42.

0 Birin The velocity of the NS along the normal direc-
where By is the magnetic strength in the lobes, amdB|) tion relative to the spacecraft could be estimated as
is the average ofVB|. For this current sheeo~18nT,  V,~2t=2112TkNy 102 km/s, whereA: is the time for
Bmin~2.9nT, and(|VB|)~18nT/Rg. Thus from Eq. (1) Cluster crossing the neutral sheet. This result also agrees
we get the half thickness of this current sheetizs0.8 R with that estimated by curvature investigation method

Panels 2—-6 of Fig. 1b show the other features of the mag{~9 km/s) (Shen et al., 2003). Due to the much smaller ve-
netic rotation. Panel 2 shows that the main rotations of thdocity of the spacecraft¢1.1 km/s), it is reasonable to inter-
magnetic field occur within the neutral sheet. In order to pretV, as the absolute normal flapping velocity.
measure the spatial rotation of the magnetic vector quanti- It will be meaningful to define clearly one parameter to
tatively, we have developed the magnetic rotation analysianeasure the slipping between the magnetic field lines in the
(MRA) method (Shen et al., 2007a, 2008). Based on 4 pointilted current sheet. Here we may define the slipping angle
magnetic field measurements, MRA yields that the magnetiqor tilt angle)s of the tilted current sheet as the angle between

rotation rateus’” along é®, whereé®, ¢@ andé® are
three characteristic eigenvectors of the magnetic field. For
an ideal, one-dimensional boundary, e.g. one current sheet,

®)
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Table 1. The parameters in the center of the NS of the two TCS.

N S N 1/2
TCS R ©.¢)  Bmin b N éD (@) A by Remin  HYjoax

J YB YN o~ h hj
event ®g) INGSM  (nT) VB/IVBl  (Rp) (x/Rp) (uA/m?) [9C°—¢| (Rp) (Rp)
5Aug 19.3 (85, 206) 2.9 (1%,103) (102, 107) (42,287) (44°, 283) 0.31 17 0.0026 36 54° 51° 0.18 0.14
2001
3Aug 19.1 (87,21I) 77 (8.7,269) (8%,114) (89, 115) (89.8,111) 18 1.6 0.0047 1% 75 83.3 0.20 0.20
2004
e two humps of the current density are in correlated with the

two peaks of the gradient of magnetic strendttB (panel 7

| iN
ZGsM ~JB : - . S .
£ VB of Fig. 1a). This may imply the contribution of the gradi-
N ™ ent drift motion of the particles. Within the neutral sheet,
PasM o / Jj.>0andjp>0, so the current density has a positive Z com-
“ B \1 ponent and a positive field-aligned component, implying the
VB /

current sheet leans southward at the dawn side. Within the

neutral sheet, the field-aligned compongptof the current

density contributes a significant part of the total current den-

sity. The angle/p of the current direction from the magnetic
Fig. 2. Schematic illustration of the geometrical structure of the field direction decreases jg~36.8°(<90°) at the center O_f
tilted current sheet during the Cluster crossing event on 5 Augustthe neutral Sheet; The angle between the current density
2001 viewed toward the earth. The dashed line denotes the centr@nd the binormaN is rather stable in the neutral sheet, and
plane of the current sheet. The red arrow represents the currenty ~54° at the center. The angiebetween the firse™™ and
density. The directions of the magnetic field in the MFLs have beenthe binormalV of the MFLs varies as Cluster crosses the cur-
marked in the figure. Several geometrical parameters of the currentent sheet, and its averaged value in the neutral sheet s 141
sheet are showrtgsm andggswm are the base vectors along the z which yields a slipping angle of aboé#- |90° —¢| ~51°.

axis and azimuthal directions in GSM coordinates, respectively. The parameters of this tilted current sheet are summarized
in Table 1. Figure 2 demonstrates the geometrical configu-

the normal of the current sheat®) and the plane of the ration of the tilted current sheet during the Cluster crossing

¢ betweere® and the binormaNof the MFLs (see Fig. 2), With a slipping angle of about~54°, in which the current
ie. flows duskward and northward. The MFLs in this thin cur-

rent sheet are plane curves which are about vertical to the
, (4)  equatorial plane. The normal of this current sheet is about

the slipping angle (o tilt angle) can also be defined equiv- (44;", 283). The half _Width of this tilted current sr_\eet is
alently as the angley between the current density vector H=~0.8 Rg, the half thickness of the neutral sheet is about

(j=u=1vx B) and the binormalV of the MFLs in the NS h%0.19RE_, and the minimum curvature radius at the center
0 of the NS iSR. min~0.31Rg.

§~[90° — ¢

(see Fig. 2), i.e.,

8~ yN. (5) 212 case on 3 August 2004
When the slipping anglé=0°, there is no tilting and it is
a normal current sheet; if the slipping angle90, itis a  Figure 3a and 3b show another tilted current sheet crossing

vertical current sheet. event on 3 August 2004. Cluster is at 1®4 geocentric dis-
Panels 6-9 of Fig. 1b show the distribution of the currenttance, and its position angle in GSM is (86 211°), so that
density in this thin current sheet. (Note tI[\bJ,Tpc/pc,IV] con-  thistilted CS appears lies near equatorial plane at a local time

stitute the local natural orthogonal coordinates on the MFLsof about 02:00 LT. During this period, the AE index is about
(Shen et al., 2003, 2007a, 2008).) It is remarkable that forl150nT and the magnetic activity is quiet. The two bound-
this tilted current sheet the current density has a bifurcatedaries of the neutral sheet are at 09:10:00 and 09:14:06 UT,
profile (Runov et al., 2003; Zelenyi et al., 2004; Asano etrespectively, as marked as two vertical black lines, and the
al., 2005; Nakamura et al., 2006; Thompson et al., 2006)center of the neutral sheet /current sheet is at 09:13:00 UT,
and the two humps of the current density appear at about thdenoted by a vertical red line, where the magnetic strength
two boundaries of the neutral sheet. It is also noted that thdas a minimum value.

Ann. Geophys., 26, 3528543 2008 www.ann-geophys.net/26/3525/2008/
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Fig. 3a. The geometric structure of the tilted current sheet during one Cluster crossing event on 3 August 2004. The format of the figure is
the same as Fig. 1a.

Panels 1-3 of Fig. 3a show the magnetic field in this cur-vertical to the equatorial plane. Panels 7-8 of Fig. 3a give
rent sheet. At the center of the current sheet, the magnetithe features of the gradient of the magnetic strengtB,
field points northward and has a minimum value. Panels 4—6vhich has a minimum value in the center of the CS, and
of Fig. 3a show the configuration of magnetic field lines in reaches maximum values at the boundaries of the NS. The
this current sheet. As seen from panel 4 of Fig. 3a, the curvadirection ofV B points towards dawnside at the northern side
ture radius of the MFLs in the neutral sheet is rather larger,B, >0) and duskside at the southern sidg £0) and it re-
around 2Rg. Panel 6 shows that the curvature points earth-verses its direction at the center of the CS. The direction an-
ward, and that the binormal of the MFLs in the CS is more orgles 6,3, ¢,p) of VB are (882°, 296¢°) at the northern side
less constant with a direction afy, ¢n)~(83°, 114), indi- and (874°, 125) at the southern side, yielding the nornaal
cating the MFLs in the current sheet are plane curves aboudf the CS/NS as (86°, 111°). Therefore, the normal of
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Fig. 3b. The geometric structure of the tilted current sheet during one Cluster crossing event on 3 August 2004. The format of the figure is
the same as Fig. 1h.

the CS/NS is duskward and almost parallel to the binormalthe neutral sheet, so the magnetic field vector rotates fastest
N of the MFLs. This CS is therefore nearly vertical to the at the center of the neutral sheet. The directiore®f is
equatorial plane, as demonstrated in Fig. 4. constant in the NS and is about (8915) at the center.
Thus, the normah of the CS/NS is (8%°, 117), which
Panels 2-5 of Fig. 3b illustrate the properties of the mag-is in agreement with that reduced from the above calcula-
netic rotation in this current sheet event on 3 August 2004 tion ofVB/|VB|. The half-thickness of the neutral sheet

The maximum magnetic rotation rate of the magnetic fieldig th/'ui/rﬁax (1.6m/RE)~1~0.20 R, indicating this ver-

vector Ml/ is much larger than the medium rotation rate tical current sheet is very thin. In this N®min~7.7 nT,
113/%, while the minimum rotation ratp.3/? is nearly zero. (/) ~0.0047uA/m?, so that the half thickness of the NS

Thus, this is a 1-D current sheet. The peak of the max-can also be estimated by Ampere’s Law from Eq. (3) as
imum magnetic rotation rate;’* appears at the center of /;~Bmin/(ko{j)) ~1300km~0.20 R, which is almost the
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Fig. 4. Schematic illustration of the geometrical structure of the

severely tilted current sheet during the Cluster crossing event on — A~
3 August 2004 viewed toward the earth. The dashed line denotes

the central plane of the current sheet. The red arrow represents the

current density. The directions of the magnetic field in the MFLs

have been marked in the figure. Several geometrical parameters o N Buin
the current sheet are showfgsy andggsm are the base vectors \
along the z axis and azimuthal directions in GSM coordinates, re- 5
spectively. \

same as that determined from Eq. (2). The anglee- z \
tweene™™ and the binormal is very small, and is approx- \
imately 67° at the center of NS (panel 6). Therefore, the ¥
tilt angle of the current sheet can be yielded from Eq. (4) as
3~ |90° —¢| ~83.3°. y 2%h

Panels 7-9 of Fig. 3b show the distribution of the cur- - X
rent density in the current sheet. As illustrated in panel 7 of
Fig. 3b, the northern componept is positive and occupies
nearly all the current density, so that the current in the cur-Fig- 5. The transformation_ from the normal Harris type current
rent sheet is almost northward or in the Z direction, furtherSheet_ (upper panel) to the tilted current sheet (lower panel) through
indicating that this current sheet is vertical to the equatorialthe slipping of the MFLs.
plane. Similar to the first tilted current sheet on 5 August
2001 investigated above, the current density has one bifur-
cated profile (Runov et al., 2003; Zelenyi et al., 2004; Asanocurrent sheet is a vertical current sheet with a tilted angle of
et al., 2005; Nakamura et al., 2006; Thompson et al., 2006)about 78. The current in this tilted CS flows almost along Z
the current density maximizes at the two boundaries of thedirection and has a large field-aligned component at the cen-
NS and minimizes at the center of the neutral sheet. Ander of its NS. Its normal is duskward at a direction of about
also the two humps of the current density overlap the two(89.6°, 111°).

peaks of the gradient of the magnetic strength. At the center \ye may check the relationship between the thickness of
of the neutral sheet, the current becomes almost field-aligneghe NS and the tilt angle for one of these tilted current sheets.
(panel 8), and the angles of the current from the magnetic - A Harris type current sheet with no guiding fiei is shown
field is about 16 at the center of the NS (panel 9). The angle i the upper panel in Fig. 5. If the neighboring MFLs are
yn of the current from the binorma¥ remains constantand  gjipping from each other while the configuration and orienta-
is approximately 75at the center of the NS. tion of the MFLs remain unchanged (see the lower panel in

The parameters of this tilted current sheet are listed in TafFig. 5), the magnetic field (including its strength and direc-
ble 1. Figure 4 shows the demonstration of the geometrication) at any fixed point of one MFL will not vary, so that the
structure of the tilted current sheet during the Cluster crossiwo boundaries of the NS will not change their locations at
ing event at 09:08—09:16 UT on 3 August 2004. In short, thisthe MFLs of the current sheet.

www.ann-geophys.net/26/3525/2008/ Ann. Geophys., 26, 33283-2008



3534 C. Shen et al.: Tail tilted current sheets

z when one current sheet crosses the spacecraft. When the flap-
ping waves propagate towards the dawnside (dusksite),
dusk side dawn side measured by the S/C will points first dawnward (duskward)
a with its azimuthal anglep,z near to 270 (90°), and then

J, x
duskward (dawnward) with its azimuthal anglgz near to
VB /g 7B vB | VB\ B 9(° (270°). Therefore, the propagation directions of the flap-
o5 t g ping motion of the tail current sheet can be determined vi-

sually from the variation of the directional angle ¥, as
demonstrated in Fig. 6.

The second event introduced above in fact has a larger in-
terval of interest in this regard. During 06:30—09:30 UT on 3
August 2004, Cluster observed one tail current sheet flapping

Therefore the thickness of the NS (that is the distance beevent, which has also been studied previously by Petrukovich
tween the two boundaries of the NS) in the tilted currentet al. (2006). When this CS flapping event occurs, Cluster is
sheet is at 19Rr geocentric distance, and its position angles in GSM

coordinates are&d( ¢)=(84°, 211°) with a local time of 2.1 h.
2h ~ 2ho COSS. 6) Cluster is 964 R away from the midnight meridian plane

For the Harris type current sheet with no guiding field By, at the dawnside tail. The average Cluster tetrahedron size
the half-thicknessg of the NS is equal to the minimum ra- IS approximately 890 km. Cluster_ls in fac'g situated close to
dius of curvatureR..min, of MFLs in the current sheet, i.e., apogee and hardly moves at all in GSM in the three hours

ho=R..min (€€ Appendix A in Shen et al., 2007a). So that indicated.
Figure 7a and b demonstrates the variations of the vari-

h ~ Rcmin COSS. (7)  ous parameters of the magnetic field as Cluster crosses the

The above formula relates the half-thicknéssf the NS to &S Periodically during this flapping event, in which the cen-
the minimum radius of curvature&R. min, of MFLs and the €S of the NS are marked by red vertical lines. Each time
tilt angle s of the current sheet. The parameters for the two ClUSter crosses the center of the NS, the magnetic strength
events in Table 1 satisfy this formula well. Equation (7) im- droPs to the minimum and the Bx changes its sign (panel 1

plies that the larger the tilt angle of the current sheet, the®! Fig. 7a). The polar anglés becomes very small (panel 2

thinner its NS and the larger the current density in the neu2f Fi9: 7@), implying the magnetic field is nearly northward

tral sheet (Eq. 3). Runov et al. (2005a) have argued that thd1€reé- The curvature radius of the MFLs minimizes (panel 4
thickness of the current sheet has no relationship with the®f Fi9- 7a) and the gradient of the magnetic strength has the

minimum radius of curvature of MFLs because they have notOWest value (panel 7 of Fig. 7a) and reverses its direction
included this influence of the tilt angle. (panel 8 of Fig. 7a). The magnetic rotation rates peak at the

center of the NS (panel 2 of Fig. 7b) and the current density
2.2 Flapping motion propagation of the tail current sheet has very significant Z componeyit and field-aligned com-

ponentjz. The parameters at the center of the NS during
In Sect. 2.1, the features of the tail tilted current sheet havehese series of CS crossing events are listed in Table 2. As
been investigated by analyzing Cluster 4 point magnetic obshown in panel 6 of Fig. 7a, during this CS flapping event,
servations. Typically, the tilted current sheet is closely re-the binormalN of the MFLs is nearly constant and is about
lated to the flapping motion of the tail current sheet. Here we(80°, 120°) on average. The normal of the NS, as deter-
may explore the properties of the tail current sheet flappingmined by the first eigenvect@f? in Table 2, deviated con-
motion and its possible origin. siderably from the northern direction, and generally leans to

Here, by determining propagation directions based on thehe flank sides. Therefore, from the features of the NS de-

magnetic gradient, we may try a new perspective, so thatluced here, we may believe that the current sheet is tilted as
one can determine the propagation direction of current sheats NS crosses Cluster and that the tail current sheet is flap-
flapping waves easily and intuitively. (Obviously, the timing ping. The various parameters for each tilted current sheet at
analysis (Russell et al., 1983; Harvey, 1998; Schwartz, 1998the Cluster crossing times are listed in Table 2. It is noted
Dunlop and Woodward, 1998; Sonnerup et al., 2008) carthat the half thickness of the NS, the tilt anglé and the
also be used to analyse the propagation direction and velocityninimum radius of curvature® . min, of MFLS in the current
of the current sheet flapping.) Figure 6 shows the sketchedheet, as shown in Table 2, basically obey the relationship
flapping waves of the tail current sheet, assumed to propak~ R, min C0SS (Eq. 7). With temporal evolution of the flap-
gate towards flanks in the pre-midnight or post-midnight re-ping motion, the slipping anglé of the tail current sheet
gion. Generally, in the tail current sheet, the gradient of thegenerally gets larger and larger, while the half thickniee$
magnetic strengtW B points outward from the center of the the NS becomes smaller and smaller and the current density
current sheet. The measur®®B will reverse its direction in the NS grows stronger and stronger. At the end, the tilted

Fig. 6. lllustration of the propagation of the flapping waves of the
tail tilted current sheet.

Ann. Geophys., 26, 3528543 2008 www.ann-geophys.net/26/3525/2008/
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Fig. 7a. The geometric structure of the tilted current sheet during a series of Cluster crossings on 3 August 2004. The format of the figure is
just same as that of Fig. 1a.

current sheet becomes a very-nearly vertical sheet. Thes@ and the current density is almost totally duskward (panel 7
features manifest the gradually growing of the tail flapping of Fig. 7b) andgy is nearly always zero (panel 9 of Fig. 7b).
motion during 08:00-09:30 UT. During each NS crossing, the direction B is first
Between the neighboring NS crossing events, Cluster lieslawnward with its azimuthal angle,p near to 270, and
at regions where the current sheet becomes a normal oné¢hen duskward with its azimuthal angfg near to 90, so
as marked by violet vertical lines in Fig. 7a and b. During that all the tilted current sheets measured are moving toward
these special periods, the flapping wave motion is sampledhe dawnside and there are flapping waves in the tail current
at its wave crests or wave troughs. At these times, the firssheet propagating dawnward. The normal velocity of each
eigenvectoéV (panel 3 of Fig. 7b), may be regarded as the NS is listed in Table 2 and we may estimate the phase veloc-
normaln of the NS and is about northward. The anglis ity of the flapping waves. During 08:00—09:30 UT, the aver-
about 90 (panel 6 of Fig. 7b), thus the tilt angbeis nearly =~ aged tilted angle i) ~67°, the averaged normal velocity

www.ann-geophys.net/26/3525/2008/ Ann. Geophys., 26, 33283-2008
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Fig. 7b. The geometric structure of the tilted current sheet during a series of Cluster crossings on 3 August 2004. The format of the figure is
the same as Fig. 1b.

of the NS is(V,) ~27 Km/s. Thus, the phase velocity of 2001 because Cluster is outside of the neutral sheet), which
the flapping waves i$Vp) ~ (V,,) /sin(8) ~29Km/s. The have also been investigated in the literature (Sergeev et al.,
averaged period of the flapping waves(s) ~14 mins, so 2003, 2004; Runov et al.,, 2005a, b; Zhang et al., 2002,
the expected wavelength {s) ~ (Vp) - (T) 3.8 Rp. Based  2005; Petrukovich et al., 2006). The locations of all these
on the above analysis, we may give a demonstration of theevents are about 1R away from the midnight meridian
structure of ideal tail current sheet flapping waves propagatand much nearer to the dawnside or duskside flanks. For
ing dawnward as in Fig. 8. these tail flapping events, the minimum curvature radius of
] the MFLs in the current sheet is rather large, with typical
In order to make clear the features of the tail current sheet 5 ,es of 0.321.5R;, while the neutral sheet, as Cluster
flapping waves, we need to investigate more events. Table 3rosses, is very thin, with the averaged half thickness be-
shows the deduced features of the six important tail curren;ng about 0.14-0.36R . This is caused by the slipping of the

sheet flapping events from our methods (some physical pag gL s and governed approximately by Eq. (7). While the
rameters are not available for the event on 26 September

Ann. Geophys., 26, 3528543 2008 www.ann-geophys.net/26/3525/2008/
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Table 2. The parameters of the magnetic field at the center of the neutral sheet during the series of CS crossing events on 3 August 2004.

1/2

Time R min e (n) b 7 max Jj VB YN S~ |90°—8| N h Vu
(RE) (6e1, 1) ()] (t/Rg) (RAIM?) 6N, on)  (Rg) (km/s)
08:06:30 0.83 (6%, 306°) (16°, 253) 0.69 0.0016 39 53° 54° (80°,126°) 0.46 31
08:15:40 0.74 (48 116) (11°, 322) 0.80 0.0022 1424  56° 57 (80°, 127) 0.40 13
08:19:30 0.88 (108 129) (12°,307) 0.80 0.0017 26 68° 63° (790, 125) 0.40 27
08:26:30 0.69 (55 119) (6.9°, 288) 0.95 0.0019 162 78 61° (84°,126°) 0.34 19
08:40:00 1.4 (107, 115°) (20°, 304) 0.39 0.00067 7 15%# 54° (71°, 105) 0.82 49
08:54:40 0.97 (49 125) (20°, 293) 0.88 0.0025 140 64° 67° (70°, 122) 0.36 24
09:13:00 1.8 (89, 115) (8.7°, 269) 1.6 0.0047 16 75° 83.3 (82°,11#) 0.20 9.2
09:19:00 1.3 (79, 125°) (12°, 267) 2.1 0.0068 162 81° 80° (81°,116) 0.15 40
09:25:15 0.96 (82 127) (2.1°, 298) 2.2 0.0062 172  86° 75° (88°, 114) 0.14 17
09:27:40 0.77 (83 112) (120, 280°) 2.8 0.014 169 87° 78° (85°, 123) 0.11 17

Fig. 8. Schematic illustration of the ideal flapping waves moving dawnward in the tail.

flapping waves are passing by Cluster, the current sheet i$1~30Rg. Previous analysis (Sergeev et al., 2003, 2004,
tilted severely, with the tilt angle being about°65/5°. The  2006; Zhang et al., 2002, 2005) has argued that the sources
phase velocities of these flapping waves are approximatelyf the flapping motion of tail current sheet is at the tail mid-
22~72 Km/s, while their periods and wavelengths are aboutnight meridian, possibly caused by bursty bulk flows (BBF)
10~32 min and 3.8-8.1Rg, respectively. As pointed out by (Angelopoulos et al., 1994) during local energy transient dis-
other researchers (Sergeev et al., 2003, 2004; Runov et alsjpations (Sergeev et al., 1996). However, the transient en-
2005a, b; Zhang et al., 2002, 2005; Petrukovich et al., 2006)ergy release events in the near-earth midnight plasma sheet
the flapping waves tend to propagate outward from the mid-generally have a spatial scale of sevekal, and temporal
night meridian, i.e., the flapping waves move dawnward atscale of several minutes (Sergeev et al., 1996), while the tail
the dawn side and duskward at the dusk side. The flappindlapping motions span a rather large part of the magnetotail
motions usually last several hours, as shown in Table 3, indi{maybe the whole near earth magnetotail), lasting about sev-
cating that there is a continuous and stable energy supply. eral hours generally. And one fact is that during the six tail
CS flapping events listed in Table 3, the magnetosphere is

With Cluster and DSP (Liu et al., 2005) conjunction tail quiet or only has weak activities in general (see Table 3).
observations, Zhang et al. (2005) have found that the spaTherefore, it is doubtful if the local transient energy release
tial scale of the flapping motions along the tail direction is events in the near-earth midnight plasma sheet are able to
larger than Rz and they may occur at tailward distance of

www.ann-geophys.net/26/3525/2008/ Ann. Geophys., 26, 33283-2008
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Fig. 9. The solar wind conditions as observed by the ACE spacecraft and the physical quantities of the tail current sheet measured by Cluster
during the tail flapping event on 3 August 2001. Cluster is aR%9geocentric distance, at the nightside equatorial plane, and its polar
angled and azimuthal angle in GSM are about &and 207, respectively. Panel 1: the interplanetary magnetic field (IMF) in GSE;

panel 2: The velocity of the solar wind; panel 3: the dynamic pressure of the solar wind; panel 4: the magnetic field at the center of Cluster
tetrahedron as are the average of those at the four S/C in GSM; panel 5: the directionad gang}e ©f the magnetic field at the center of

Cluster tetrahedron in GSM; panel 6: The three componghtsj(, j;) of the current density at the center of Cluster tetrahedron at GSM
coordinates. In panels 4-6, the data before 08:10 UT are pseudo due to the unavailability of actual observation data.

supply the energy for sustaining the tail flapping motionstail flapping as observed by Cluster and solar wind conditions
with large temporal and spatial scales. as observed by ACE satellite on 3 August 2001. The param-

eters of the solar wind have already been shifted from the

Based on the facts revealed here, we would suggestthatthe, ,,in; o Earth's magnetosphere assuming the solar wind
tail current sheet flapping motion is possibly the manifesta-; moving at constant velocity. It can be seen from Fig. 9
tion of the global oscillating motion of the tail caused by the ., 4 strong interplanetary shock has just impacted on the

mtgrac_non be_tween the tail and the SOI‘_"“ wmd,_the energy formagnetosphere as the tail flapping motion occurs. Therefore,
which is provided by the solar wind. Figure 9 illustrates the

Ann. Geophys., 26, 3528543 2008 www.ann-geophys.net/26/3525/2008/
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Fig. 10. The solar wind conditions as observed by ACE spacecraft and physical quantities of the tail current sheet measured by Cluster during
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and azimuthal angle in GSM are about 85and 206, respectively. The format of the figure is just same as that of Fig. 11. In panel 4-6,

the data before 12:00 UT are pseudo due to the unavailability of actual observation data.

the tail current sheet flapping motion on 3 August 2001 isment of the solar wind velocity is possibly the cause gener-
possibly created by interaction between the magnetospherating this tail flapping wave motion on 5 August 2001.

and the solar wind with fast velocity and high dynamic pres-

Therefore, the enhancements of the velocity or/and the dy-

sure. Figure 10 demonstrates that another tail current sheetamic pressure of the solar wind may possibly lead to the

flapping event occurring on 5 August 2001. From Fig. 10 occurrence of the tail flapping motion.

Figure 11 shows

we may see that the tail flapping motion takes place dur-schematically the possible mechanism of the tail flapping
ing the solar wind velocity enhancement period. The currentmotion. The tail flapping waves may be the standing waves
sheet flapping motion during 13:00-15:40 UT occurs within of the tail propagating crossing the tail caused by the impact
the interval of the recovery phase of a strong substorm; whileof the disturbed solar wind. More work will be required to
the current sheet flapping motion during 15:40-18:00 UT ap-make clear the mechanism of tail flapping.

pears when the magnetosphere is quiet. So that, the enhance-

www.ann-geophys.net/26/3525/2008/
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dawnside
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Fig. 11. Demonstration of the flapping motion of the near earth tail caused by the impact of disturbed solar wind.

Table 3. Parameters of tail CS flapping events.

Events R ©,9) LT  YinGSM  (Bmin) (Remin)  (h) (8) (Vi) (Vp) (T) (x) Lifetime  Propagation Magnetospheric
(RE) in GSM (h) REg) (nT) (Rg) (Rg) (Km/s) (Km/s) (mins) Rg) direction activities

3 Aug 2001, 19 (83, 207) 1.8 -85 13 15 036 75 21 22 32 6.6 2h dawnward Later recovery

08:30-10:30UT

5Aug 2001, 193 (85206°) 1.7 -84 12.0 0.6 0.24 61 72 12 8.1 5h dawnward ~ 13:00-15:40 UT: Strong;

13:00-18:00 UT 15:40-18:00 UT: quiet

26 Sep 2001, 19.3 (91158) 225 7.2 >1h duskward weak

22:15-23:20UT

20 Oct 2001, 18 (94 138°) 20.8 12 2.8 0.32 0.14 65 40 44 10 4.2 0.5h duskward quiet

09:30-10:00 UT

3 Aug 2004, 19 (8%,211r) 2.1 -9.8 6.3 1.0 0.28 67 27 29 14 3.8 3h dawnward quiet

06:30-09:30 UT

5Aug 2004, 185 (8221C°) 20 -9.2 6.2 0.95 0.28 31 34 17.5 5.6 5hrs dawnward weak

13:00-18:00UT

3 Summary and conclusions

region within which B<+/2Bminin the current sheet. The

magnetic field vector rotates about°9i@ the NS (Shen et

guantitative definition of the tilt angle of the tilted current
sheet for the first time: the tilt anglkof the tilted current
sheet as the complementary angle of the angle between the

Tilted current sheets and current sheet flapping waves ithgrmal# of the CS and the binormaVof the MELs in the
the Earth’s magnetotail are frequently occurring phenom-yg.

ena which have drawn much recent attention. The purpose e summarize the common features of the tilted current
of this paper is to clearly understand the geometrical strucxpeet as follows:

ture of the tail tilted current sheet and current sheet flap-
ping waves based on Cluster (Escoubet et al., 2001) multi- 1.
ple spacecraft measurements. To achieve this goal, previ-
ously developed multi-point data analysis methods (Shen et
al., 2003, 20074, b), i.e. curvature analysis and magnetic ro-
tation analysis (MRA), are applied in this research. By using
the previously developed multiple point data analysis meth-
ods (Shen et al., 2003, 2007a, b, 2008), we have investigated
the geometrical structures of tilted current sheet and tail flap-
ping waves. The configurations of the tilted current sheet
have been directly and clearly revealed for the first time, as
illustrated in Figs. 2, 4 and 5. As in previous investigations 2.
(Shen et al., 2007a), the neutral sheet (NS) is defined as the

al., 2008b), so the NS is actually the magnetic vector rota-
tion layer in the current sheet. We have given the explicit and

Ann. Geophys., 26, 35283543 2008

The MFLs of the tilted CS are plane curves similar that
of the normal CS except that the neighboring MFLs slip
relative to each other in the plane of curvature. The os-
culating planes of the MFLs in the tilted CS are approx-
imately vertical to the equatorial plane, and the binor-
mals of the MFLs are generally along the dawn-dusk
direction. However, the normal of the tilted CS deviates
from the south-north (Z) direction and leans to the flank
sides.

The magnetic vector rotates substantially within the NS
of the tilted current sheet. The half thickness of the NS
is generally much less than the minimum radius of the
curvature of the MFLs. The half thicknesof the NS,
the tilt angles and the minimum radius of curvature,
Rc.min, Of MFLs in the current sheet normally obey the

www.ann-geophys.net/26/3525/2008/
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