Ann. Geophys., 24, 2012624 2006 ~ "*
www.ann-geophys.net/24/2015/2006/ G Ann_ales
© European Geosciences Union 2006 Geophysicae

Survey of large-amplitude flapping motions in the midtail current
sheet

V. A. SergeeV, D. A. Sormakovt, S. V. Apatenkovt, W. Baumjohann?, R. Nakamura?, A. V. Runov?, T. Mukai 3, and
T. Nagai*

1st. Petersburg State University, Petrodvoretz, 198504 St. Petersburg, Russia

2Austrian Academy Science, Space Research Inst., Schmiedistrasse 6, Graz, 8042, Austria

3|SAS, Sagamihara, Kanagawa 229, Japan

4Tokyo Inst Technology., Dept Earth & Planetary Sciences., Ookayama 2-12-1 Meguro., Tokyo, 152-8551, Japan

Received: 27 February 2006 — Revised: 10 May 2006 — Accepted: 14 June 2006 — Published: 9 August 2006

Abstract. We surveyed fast current sheet crossings (flappingl Introduction
motions) over the distance range 10836 in the magneto-
tail covered by the Geotail spacecraft. Since the local tilts ofMagnetospheric (magnetopause and magnetotail) current
these dynamic sheets are large and variable in these evenisheets are among those rare space current sheets which are
we compare three different methods of evaluating currentavailable for direct observations. Their dynamics provide
sheet normals using 4-s/c Cluster data and define the succeBaportant clues to understand the plasma transport and con-
criteria for the single-spacecraft-based method (MVA) to ob-ditions for explosive tail instability (substorm) to occur. One
tain the reliable results. Then, after identifying more than  dynamic phenomenon, the flapping motions of the tail cur-
1100 fast CS crossings over a 3-year period of Geotail obserrent sheet, manifests in observations as dramatic variations
vations in 1997-1999, we address their parameters, spati@f the main magnetic field component (tail-alignegl,) in
distribution and activity dependence. We confirm that overthe tail, often with the change in th®, sign, indicating a
the entire distance covered and LT bins, fast crossings haverossing of tail current central surface. Being known since
considerable tilts in the YZ plane (from estimated MVA nor- first spacecraft measurements in the tail (Speiser and Ness,
mals) which show a preferential appearance of one (YZ kink-1967), it is frequently observed in the active plasma sheet
like) mode that is responsible for these severe current sheeind is interesting both as a spectacular phenomenon (origin,
perturbations. Their occurrence is highly inhomogeneous; itoroperties, possibility to use as a diagnostic tool of active
sharply increases with radial distance and has a peak in thprocesses), as well as a tool to probe the sheet structure by
tail center (with some duskward shift), resembling the oc-crossing quickly across considerable portions of the current
currence of the BBFs, although there is no one-to-one locakheet (CS) thickness. There was a number of past studies
correspondence between these two phenomena. The crossiaghich noticed their association with interplanetary shocks
durations typically spread around 1 min and decrease signifftMcComas et al., 1986), with substorms and/or fast flows
icantly where the high-speed flows are registered. Based o(iToichi and Miyazaki, 1976, Bauer et al., 1995, Sergeev et
an AE index superposed epoch study, the flapping motiongil., 1998), although counter-examples were also provided.
prefer to appear during the substorm expansion phase, alFhe ideas about their characters included solar wind blow-
though a considerable number of events without any electroinduced surface waves in the X-direction (e.g. Fairfield et al.,
jet and auroral activity were also observed. We also present981), or kink-like oscillations in the Y direction (e.g. Lui et
statistical distributions of other parameters and briefly dis-al., 1978; Nakagawa and Nishida, 1989), however, the diffi-
cuss what could be possible mechanisms to generate the flapulties of separating temporal and spatial variations, and of
ping motions. measuring the gradients and current sheet tilts strongly lim-
ited the possibilities to study these phenomena with a single
Keywords. Magnetospheric physics (Magnetotail; MHD spacecraft.
waves and instabilities; Plasma sheet) The situation drastically changed recently after the launch
of the four-spacecraft Cluster which allows one to probe gra-
dients and to better investigate both the current sheet struc-
ture and its dynamics. Already first event studies (start-
Correspondence tov. A. Sergeev ing from Zhang et al., 2002) indicated very large and vari-
(victor@geo.phys.spbu.ru) able tilts in the YZ plane and a predominant propagation
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in the Y-direction associated with flapping motions, and thisno physical law guarantees that it provides the accurate esti-
was thereafter confirmed in statistical studies (Sergeev et almate even in a nearly 1-D current sheet. For example, in the
2004; Runov et al., 2005) which allowed one to identify them Harris-type 1-D sheet the magnetic variance is zero not only
as the “kink-like” perturbations. However, the polar orbit of in the normal direction, but also along the direction of elec-
Cluster strongly limits the amount of current sheet crossingdric current, so some other factors, either field-aligned cur-
recorded, as well as their distance in the tail (they were allrents or perturbations, will determine what will be the small-
clustered near Cluster apogee at r around 18 Re during thest MVA variance direction.
first years of operation). To address the occurrence in the tail, Previous Cluster-based studies of solar wind discontinu-
possible changes in the perturbation mode and characteristidgges (based on a comparison between timing and MVA meth-
with distance (both along and across the tail), as well as aceds) indicated that it is possible to obtain the success crite-
tivity dependence and some other aspects which require onea for the MVA to work. Particularly, for solar wind dis-
to analyze the large amount of data, one has to include othetontinuities Knetter et al. (2004) found the good accuracy
data sources. In this paper we use the Cluster experience araed MVA (with sufficient amount of measurement points in
the extensive observations in near-equatorial tail region madéhe discontinuity) when the magnetic shear was large and the
by Geotail to study the flapping motions statistically. medium-to-minimal eigenvalues ratigs=12/A3 was large
The paper is organized as follows. In the next section we(>8 in their case). Unfortunately, these practical criteria can-
compare 3 different technigues available at Cluster for cur-not be easily transferred to another object (to the tail current
rent sheet normal determination with the purpose of definingsheet, in our case), where the underlying physics can be dif-
the practical criterion to use a single-spacecraft-based Miniferent. Also, with the increasing thresholdrgg, the amount
mal Variance Analysis technique when surveying the Geotailof usable data strongly decreases, so some trade off between
data. Then in the main Sect. 3 we analyse the Geotail obseithe high accuracy and sufficient amount of remaining events
vations, and thereafter discuss the results in Sect. 4. is unavoidable. This is what we investigate in this section
based on Cluster data, and what will then be used later on in
the analysis of Geotail data.
2 Tilt characterization during fast current sheet cross- We used the Cluster FGM observations at 1-s resolution
ings: Cluster results during July—October 2001 and 2004 tail seasons, in which
the spacecraft tetrahedron has comparable sizd9F0—
Some results and conclusions of the flapping survey pre1500km). Short (308Ar<300s) crossings of the current
sented below depend on the accuracy of estimated local cuisheet with considerabl®, change (being a sizable frac-
rent sheet (CS) tilts, which requires some comments and ation of the lobe field BL, that is\ B, >0.5 BL~15nT) have
additional study. No perfect method exists to probe the sheebeen identified, which resulted in 186 (and 187) crossings
tilt and structure, even with data obtained at a few regu-identified in years 2001 (and 2004). A subset-~6200
larly spaced observation points, like the four Cluster space<crossings was then selected in which all four spacecraft
craft. The advantage of Cluster is that three different meth-crossed (or touched) the neutral sheet, where a sufficient
ods could be used, which, fortunately, depend on differentamount of curlometer determinations were accurate enough
assumptions, so their cross-comparison helps to be sure ifDivB|/|CurlB|<0.3 in >60% of points) and variations at
the correctness of the interpretation results. The four spaceall SC have similar shapes (allowing the use of timing); see
craft timing method, which assumes a planar sheet structur®unov et al. (2005) for the description of the selection proce-
and either a constant speed, or a constant thickness (see, edure and events in 2001, as well as all data procession details.
Haaland et al., 2004), gives both the sheet orientation and Cross-comparison of current sheet normals obtained by
the normal component of its propagation velocity. Also, us- different methods in the later analysis is based on scalar prod-
ing the magnetic field gradient linear estimation techniqueucts between the pairs of normals from which the angular
(Chanteur et al., 1998), the sheet tilt can be determined basedifference between the two normalsd) was obtained. Cu-
on the direction of the estimated electric currept 6b- mulative probability distribution functions (PDF) in Fig. 1
tained in the center of 1-D sheet, planar sheet structure igfor events in which the normals could be obtained by both
also assumed). This vector is suggested to lay on the nelcompared methods, notice that amounts of events differ in
tral sheet plane, therefore, the unit vector of the sheet nordifferent pairs) shows that the best agreement is observed be-
mal can be obtained as=[lxj]/|[l xj]|, wherel is the max-  tween timing (TIM) and current-based (CUR) methods. For
imum B-variability direction obtained from MVA (Runov et them more than 2/3 of all events agree to withina=15
al., 2005). The agreement between these methods can lfference. Agreement of these two methods with the MVA
used as an indication that we deal with nearly a 1-D currentdeterminations is not as good, requiring a much broader in-
sheet which conserves its orientation during the CS crossingerval Aa<35° for 2/3 of all events to agree. No selection
Finally, the well-known Minimum Variance Analysis (Son- on any other parameter/condition characterizing MVA per-
nerup and Schneible, 1998) was widely used for many yearéormance (e.g. dependence on the raig) was used at this
to estimate the sheet orientation, although, in a strict sensestep; this is what we explore next.
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Fig. 1. Cumulative probability distribution function of events with Fig. 2. Performance of MVA as a function of eigenvalue rata.

angular difference between two normals (obtained with TIM, CUR Angular differences from the TIM normal (characterized by median

or MVA methods) below the givena angular difference. and high (HQ) and low (LQ) quartiles, where the number of events
in every bin) is shown together with the number of events (circled
curve) withrpz exceeding the given threshold.

We choose then a subset of 109 crossings in which the

TIM/CUR agreement is goodNw<15°). Using the TIM

normals as our guess of the true normal in these cases, wiée B,-component of considerable amplitudé B8.|>BL,

used MVA determinations from each of the 4 spacecraft towhereBL is the equivalent lobe field obtained from the pres-

compare their angular deviations from true normal as a funcsure balance aBL=(B2+2uonT;)'/?). With these criteri-

tion of r»3 (in total having 428 intervals). Figure 2 indicates ons we identified 1270 fast current sheet crossing events dur-

that indeed the angular deviation is small for largeval- ~ ing ~3 years (December 1996-May 1999) to be analysed.

ues, and grows with a decrease of this ratio; similar to theTheir spatial coverage is shown in Fig. 3.

results by Knetter et al. (2004) the error curve shows a con-

siderable change around thg=8 threshold. However, the 31 Occurrence and current sheet parameters

amount of events strongly decreases wherrthalecreases Characteristic values of plasma velocity,(and v,) and

from .20 until 3, so for pragtlcal purposes one should com magnetic field components in the neutral shegt~0) are
promise between the requirements, to obtain a good accu-. - o : .
. iven in Fig. 4. The magnetic field magnitude in the CS
racy and to keep a large enough and representative data set . L
. o - center is nonzero but most frequently small { median is
for doing statistics. With the thresholds>4 adopted be- R
o . about 2nT). TheB, component has symmetric distribution,
low for our statistical study of Geotail data, most of normal

determinations are expected to be accurate to within 20-30 whereass; is shifted tow_ards positive valueg, r_eflectlng the
closed character of the field lines in the majority of the sur-

veyed events. Unlike the narrow Gaussigrdistribution, V.
3 Geotail observations of flapping motions has a wide non-Gaussian distribution. It has a large amount
(>25%) of low-speed events/{ <100 km/s), but also dis-
The present Geotail equatorial orbit provides an excellentplays pronounced high-speed flow wings for both earthward
opportunity to survey the plasma sheet dynamics betweeiand tailward flows, showing that many fast crossings had as-
10 and 30 Re since 1995. We used magnetic field (MGF)sociated fast plasma flows (BBFs).
and plasma (LEP) parameters at a 12-s resolution to select A large amount of high speed flows is also seen in the
and characterize the events and a 3-s magnetic field dattop charts of Fig. 5, however, the average values (see Y-
to perform the MVA. We surveyed the spatial regi&n<8, dependent plot) are near 400 km/s, which is the conventional
|Y|<15 Re GSM and excluded magnetosheath samples in théhreshold for the BBFs (Angelopoulos et al., 1994). Y-plot
near flank regions. We defined fast CS crossings by the reshows somewhat higher flow speed in the middle-dusk sec-
quirement of a fast (30sAr <300 s), monotonous change in tor of the tail, where the average velocity strongly increases

www.ann-geophys.net/24/2015/2006/ Ann. Geophys., 24, 202542006
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We also computed the occurrence of crossings and com-
pare it with the occurrence of BBFs. (These are different
kinds of statistics: the flapping occurrence is a statistic of the

events with different durations. whereas the BBE occurrencéield and plasma flow velocity components in the neutral sheet dur-

. tatistic of 12 | th ol 1 and afl Ing fast plasma sheet crossings (their Gaussian fits are also shown).
oty above the 400-kms hreshold. To have the ocoutrenced (%A1 is he magnetc feld in the neura sheet.
ity Y - . \Y u

in comparable quantities we normalized the amount of flap-

ping events by the amount of minutes of observations with  1re quration of the crossings (dT is the time between ob-
p>1, after noticing that the average duration of the flappinggeryations of min/ma®, values during the CS crossing) is,
event is close to one minute.) As seen at the bottom plots,, average, about 1 min (see dT medians in Fig. 5); it shows
of Fig. 5, the occurrence of crossings is very inhomogeneougome tendency to decrease with distance, displaying some
over the region studied, and this is probably the most im-anicorrelation with the average velocity behavior. This re-
portant new result of our survey. It increases considerablyationship is directly seen in Fig. 6, showing the drastic dif-
with the distance, and maximizes in the central sector of thggrence between very short crossings seen in the high speed

tail (with some duskward shift). The significance of this in- foys as contrasted to much slower (with large spread in du-
homogeneity is further emphasized by a comparison to theration) crossings in the low speed plasma.
occurrence of the fast plasma flows (BBFs, red traces) which

shows similar behavior. This suggests a close relationshi 2 Characteristics of current sheet in the flapping wave
between these two phenomena, which will be further dis-

cussed in Section 4. The occurrence of crossings is roughly &low we investigate the properties of the perturbations caus-
factor 20 smaller than the occurrence of BBFs. (We shall noting the fast current sheet crossings. The first characteris-
later discuss thoroughly the different Y-positions of the peaktic of importance is the tilt of the flapping sheets available
in flapping and BBF distributions, because we found that thefrom the MVA techniques, whose accuracy was discussed in
shape of BBF Y-distribution varies with the varying selec- Section 2. After obtaining the MVA estimates based on 3-s
tion criteria. In particular, lifting thed>1 condition results  time resolution data (with a requirement that at least 15 data
in the dusk-shifted distribution which matches the flapping points during the crossing should be available for the MVA
occurrence.) analysis) we studied statistics and selected the eigenvalue

ig. 4. Normalized occurrence frequency distributions of magnetic

Ann. Geophys., 24, 2012624 2006 www.ann-geophys.net/24/2015/2006/
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ize the amount of sheets N1 with normals close to the nomi-
Fig. 5. Dependence of neutral sheet flows, duration of CS crossingng| normal (along Z), as compared to the amount of anoma-
and occurrence frequency of flapping events agginst the distancR)usb, tilted sheets N2 (see a scheme in the Fig. 7a). Com-
from the Earth f=(x?+%)1/2) and across the tail (Ygsm). The paring different bines we easily see that while in the cen-
flapping occurrence is normalized to a total number of minutes of . A .

. . o tral sector (bins a2, a3, b2, b3 — see a binning scheme in
observation spent by the spacecraft in that spatlal bin. Occurrenc%ig 7b) the normals near the nominal direction are more fre-
rate of fast plasma flows (witi/x|>400 km/s) is shown for com- ’ .
parison in the two bottom panels. quent (N1/N2>1), while near the flanks (al, a4, b1, b4) the

anomalously tilted normals prevail (N1/N2).
The data base of fast current sheet crossings includes both

) ) isolated crossings, as well as sequences of crossings. We de-
ratio low threshold to beps=4. These requirements leave fineq a5 a sequence a number (at least three) of sequential fast
us 469 crossings (less than half of all events, but still acg crossings, if the time difference between them does not
good number to study the spatial variation of characteristics) ey ceed 300 s. Fifty-one sequences were identified with these
Since seasonal/daily tilting and warping of the current sheet.iteria in our data base. An example in Fig. 8 shows such
produce !arge deviations of the neutral sheet normal from the, sequence and helps to demonstrate the techniques used to
Zgsm axis, for each event we computed the local normal exeygjuate the parameters of what could be the flapping wave.
pected for the given epoch at the given location, according torhey are hased on the interpretation of vertical plasma ve-
empirical neutral sheet shape given by Tsyganenko and Faifiscity v. as a proxy for the up/down translational motions of
field (2004), and rotated the obtained MVA normal (Vector gnire plasma sheet. A test for such a hypothesis could be the
ng) to this local neutral sheet coordinate system —see Fig. 78nicorrelation between the time derivativ8, /dr and verti-

The distributions of the tilts in all spatial bins of Fig. 7 are cal velocityV, (Sergeev et al., 1998). This is definitively the
surprisingly similar, lying near the unit circle in the YZ plane case in the example event, where (see compared time series
(means,|n, |<K|nyl,In;| sincen®=1). According to Fig. 2, in the second-top panel) the correlation coefficient between
under the threshold used, the expected MVA accuracy lieshed B, /dt andV, data points i<C=0.58. By integrating
to within a 20—-30 deviation from the actual normal, there- V. intime and after detrending the resulting pattern (because
fore, the large deviations from the nominal normal are a realof systematicV, offset often existing in the observations of
property of flapping motions in all spatial bins which have spacecraft rotating around Z-axis) we obtain the estimated
enough data points. The points are nearly homogeneouslyertical motions of the current sheet (top panel). By eval-
distributed along the unit circle, which means that strong de-uating the largest difference between subsequent peaks we
viations from the nominal normal (Z-axis) are a rule for the obtain the apparent amplitude of the vertical wave motion
flapping current sheets. The ratio N1/N2 is used to characterfA, see Fig. 8).

www.ann-geophys.net/24/2015/2006/ Ann. Geophys., 24, 212542006
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Fig. 7. Distribution of the MVA normals in the YZ plane in
different R-Y bins(a) according to the scheme shown in p@r).

the current-sheet related coordinate system. Data are shown separately in
The ratio of crossings with the normals within td5° cone around the

nominal CS sheet normal (N1) and of remaining crossings (N2) is shown to characterise quantitatively the spread of the normals around the

n=1 circle.

From 51 sequences available, the analysis was done for Another usage of the/B,/dr and V, correlation is to
26 sequences in which the correlation coefficient betweerobtain the estimate of the average apparent vertical sheet

dB,/dt and—V, at a 12-s time resolution was0.30.

Ann. Geophys., 24, 2012024 2006

half-thickness H from the regression slopgfrom linear

fit d By /dt = —aV;+b) and the lobe fieldB L; this gives us
H=BL/a(Sergeev et al., 1998). The corresponding statistic
is shown in Fig. 9.

www.ann-geophys.net/24/2015/2006/
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Fig. 8. Example of a sequence of fast current sheet crossings (flap . .
26 sequences of flapping motions.

ping wave) observed by Geotail on 18 May 1999 at [-16.3; 9.0;
4.5]Re GSM.

subset of events which form the sequences (discussed in pre-

The typical amplitude according to this statistic is about Vious section) do not show any differences from this general
1-2Re, and the sheet thickness is about one Re. The ratidehavior.
A/H has a median value of about 1, which implies that the
average current sheet thicknesses and amplitudes of its verti- ) .
cal motion are comparable. These values are consistent witfi PISCussion
previous Cluster analyses made~dl8 Re distance (Runov

etal., 2005). Our survey of occurrence and properties of fast current sheet

crossings (flapping motions) between 10 to 30 Re in the mag-
netotail confirmed many results previously obtained by the
3.3 Activity dependence Cluster system at ~18 Re. It concerns such important prop-
erties of crossings as the common occurrence of large tilts of
A large data base of crossings allows us to investigate stathe current sheet, and the special orientation of the CS nor-
tistically the relationship of flapping motions with the mag- mals (distributed over the circle mf§+n§:1; see statistics
netic activity. Using the preliminary AE index available at presented in Sergeev et al., 2004 and Runov et al., 2005).
1-min resolution ljttp://swdcwww.kugi.kyoto-u.ac.jp/aedir/ Using the additional possibilities of the four-spacecraft ob-
index.htm), we performed a superimposed epoch analysisservations, these Cluster studies demonstrated that the cur-
of AE behavior during the time intervat2 h from the time  rent sheet surface often display a wavy pattern in subsequent
of the fast crossing, for1100 crossing events in 1997-1999. up/down crossings (during sequences similar to those shown
There are two main lessons from the results shown in Fig. 10in Fig. 8), with alternating tilts of the electric current and re-
First, many flapping events occur during rather low mag-lated rotations of the CS normal. In rare conjunctions of ra-
netic activity. For example, the median AE values are modestlially separated Cluster and Double Star spacecraft the syn-
(~150nT) and for a quarter of all events there is no signif- chronousB, -oscillatory patterns were reported (Zhang et al.,
icant magnetic activity at all (low quartile is about 50 nT). 2005). All this is consistent with a particular “YZ kink”-like
The second lesson is that, independent of the activity levelmode (see diagram in Fig. 11), which is the most frequent
the flapping motions tend to occur at the AE increase phasenode of the flapping motions. Our survey of tilt distributions
near the AE maximum, which is usually associated with thein Fig. 7 expand this conclusion to show that similar proper-
substorm expansion phase. Separate analyses made for thies are observed all along (10-30 Re) and across the midtail.
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50 vam outside of the fast flow stream, or (more probable in our

| view) both BBFs and the flapping wave could be created by
0 e the same parent process, which is the magnetic reconnection.
-120 m'i‘?]%tes fromo cs crossin%o 120 Following Scflidel et al. (2001) results we have to emphasize
that the sharp decrease in the BBF occurrence with decreas-
Fig. 10. Superposed epoch analysis of AE-index data with respecl’ng dlstanpe n j[he midtail does not mean that the flux tgbe
transport is similarly damped, but only that it proceeds with
lower velocity (being compensated by the compression of the
tubes, sd/ x Bz is nearly conserved). Therefore, the similar-

Other average crossing characteristics evaluated in our stud.t)thy of BBF and the flapping occurrence implies that either
(typical crossing duration of the order ofl min, wave am- e large speed of the earthward moving plasma, or the prox-

plitudes of~1 Re and CS half thickness about a fraction of imity_ to the recor_mection regipn are important conditions to
1 Re) are also similar to those found in Cluster-based surveyBrovide the flapping perturbations.
(Runov et al., 2005). These major flapping mode characteris- Our statistical result on the preferable occurrence of flap-
tics, therefore, do not show considerable changes in the midping motions during the AE-index growth (substorm expan-
tail. sion phase) is consistent with previous case studies showing
Our survey also provides a number of new results. First,the association of fast crossings with substorm events or dis-
the flapping motions are notably more frequent in the centraturbed periods (e.g. Toyichi and Miyazaki, 1976; Bauer et
part of the tail than near the flanks (Fig. 5). This is consistentdl., 1995; Sergeev et al., 1998; etc.), which are also charac-
with the source of the flapping motions localized in the tail terized by enhanced magnetic reconnection and BBF activity
center, as schematically shown in Fig. 11. That conclusion(Angelopoulos et al., 1994; Nagai et al., 1998; Baumjohann
was previously suggested by the Cluster observation, that it al., 1999). Observation of some fraction of crossings dur-
the near-flank tail regions the motions of flapping waves areing very quiet (AE) periods does not contradict this associa-
predominantly from the center to the flanks (Sergeev et al.}ion, since both localized isolated fast streams and magnetic
2004), as also shown by the arrows in Fig. 11. Both resultg'econnection events are also known to appear under magneti-
match each other and confirm an internal origin of the flap-cally quiet conditions (Baumjohann et al., 1990; Angelopou-
ping motions, due to some processes localized deep inside d@s et al., 1994; Nagai et al., 1998).
the magnetotail. As concerns the generation mechanisms, one should first
The second new result is a strong radial dependence ofonsider the direct mechanism of MHD-type CS deforma-
the flapping occurrence, which, together with a strong de-tion during magnetic reconnection. It was suggested that
pendence of crossing duration on the local flow amplitudein sheared magnetic configurations (with nonz8yoin the
(Fig. 6), suggests a hint for the possible source process. Theeutral sheet) the interaction of reconnected flux tubes with
similarity of occurrence patterns in Fig. 5 suggests that eithethe sheet is asymmetric and this causes the up-down sheet
the fast plasma sheet flows (BBFs) are directly related to thanotions on the flanks of the localized (in Y) reconnection
generation of flapping motions, or that both phenomena areegion (Semenov et al., 1994; Shirataka et al., 2006). Predic-
caused by the same parent process. However, a consideratilens of this mechanism regarding the generation of flapping
number of crossings have very weak local flows (see, e.gwaves are not yet sufficiently explored, but this seems to be
second half of crossings in Fig. 8 and statistics in Fig. 5).the first potential candidate, most directly linked to the gen-
Therefore, if the BBFs are the process which launches theeration of the BBFs. A number of other mechanisms were
flapping wave — this wave has to be observed (propagate?jlso discussed for kink perturbations, including drift- (e.g.

to the time of observation of fast CS crossing.
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Karimabadi et al., 2003) or Kelvin-Helmholtz- (e.g. Naka-  spectrum and resonant absorption, J. Geophys. Res., 107, 1412,
gawa and Nishida, 1989) instabilities, or a kind of standing doi:10.1029/2001JA009215, 2002b.
mode in the (neutral) current sheet (Fruit et al., 2002a,b)Golovchanskaya, I. V. and Maltsev, Yu. P.: On the identification of
One crucial test is the propagation velocity, which is pre- Plasma sheet flapping waves observed by Cluster, Geophys. Res.
dicted to be slow and duskward in the case of instabilities.H hetta 32’SL02ElOZ' d0|:10.1029é2004|,36L|02155,a, 2(\)/84' Balogh
The latter feature conflicts with the flankward propagation&!and, S. E., Sonnerup, B., Dunlop, M. W., Balogh,
direction of the flapping waves, if such propagation is not A.,Georgescu, E., et al.: Four-spacecraft determination of mag-
" . netopause orientation, motion and thickness: comparison with
due merely to the plasma convection (this can be reserved

- . results from single-spacecraft methods, Ann. Geophys., 22,
as a possibility which should be further explored). Regard- 1347_1365 2004.

ing the propagation effects, the ballooning-like mode in thearimabadi, H., Pritchett, P. L., Daughton, W., and Krauss-
curved current sheet magnetic field was claimed to be able varban, D.: lon-ion kink instability in the magnetotail: 2
to propagate azimuthally in flankward directions from the Three-dimensional full particle and hybrid simulations and
source (Golovchanskaya and Maltsev, 2004). Excitation of comparison with observations, J. Geophys. Res., 108, 1401,
nonlinear kink-like waves, with phase velocity an order of  doi:10.1029/2003JA010109, 2003.
magnitude less than the thermal ion speed, was reported i{netter T., Neubauer, F. M., Horbury, T., and Balogh, A.: Four-
numerical kinetic simulations of initially very thin current ~ Point discontinuity observations using Cluster magnetic field
sheets (Karimabadi et al., 2003) and of bifurcated sheets with 918 A statistical survey, J.Geophys. Res., 109, A061-2,
realistic thickness (Sitnov et al., 2004), which give the pertur- doi:10.1029/2003JA010099, 2004,

. o ' Lui, A. T. Y, Meng, C.-l., and Akasofu, S.-l.. Wavy nature of
bation shape and scales similar Fo some of obs_;erved events. .o magnetotail neutral sheet, Geophys. Res. Lett., 5, 279-282,
More work has to be done to clarify all of these issues. 1978.
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