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Abstract. A comparison of magnetotail flapping (the up- 1 Introduction

and-down wavy motion) between the Earth and the two giant

planets Jupiter and Saturn has been performed through inves-

tigation of the current sheet normal of the magnetotail. Mag-Magnetotail flapping, the up-and-down wavy motion of the
netotail flapping is commonly observed in the Earth’s magne-current sheet is now a well-established phenomenon in the
totail. Due to single spacecraft missions at the giant planetsEarth’s magnetotail (see e.dsergeev et al.1998 Zhang

the normal is determined through minimum variance analy-€t al, 2002 Sergeev et al2003 Runov et al. 2009, identi-

sis of magnetometer data during multiple intervals when thefied in spacecraft data as multiple crossings of the current
spacecraft crossed through the current sheet. It is shown th&heet. It has been shown that the waves, with periods of
indeed a case can be made that magnetota" ﬂapp|ng also Oéeveral minutes travel from the centre of the magnetotail to
curs at Jupiter and Saturn. Calculations of the wave periodhe flanks and that storm and substorm activity can excite
using generic magnetotail models show that the observed pednd constrain the motion of the current shdaaey et al.
riods are much shorter than their theoretical estimates, ang019. During the passage of these waves the current sheet
that this discrepancy can be caused by unknown input paranfe@n be very strongly tilted in the YZ-plane by these flapping
eters for the tail models (e.g., current sheet thickness) an#/aves. Similar observations of multiple current sheet cross-
by possible Doppler shifting of the waves in the spacecraftings have been presented from Jupitergelevich and Er-
frame through the fast rotation of the giant planets. shkovich 200§ Israelevich et a).2007), but until now there

. . ) have been no reported observations of this phenomenon at
Keywords. Magnetospheric physics (Magnetotail; MHD Saturn.

waves and instabilities) Early studies of the terrestrial magnetotail reported multi-

ple current and neutral sheet crossings (neutral sheet defined
as By = 0) observed by spacecraBgeiser and Nes&967,
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Toichi and Miyazakj1976 Lui et al, 1978. Although vari-  through the current sheet on relatively short timescales.
ous ideas were suggested to account for these observations Sergeev et al(1998 used three months of magnetic field
was generally considered that these observations were due and plasma data from the AMPTE/IRM satellite, to study the
the current sheet flapping in an up-and-down motion over thdlapping motion of the Earth’s magnetotail and the structure
spacecraft. The multi-spacecraft Cluster mission later conof the current sheet. They found that there was a correlation
firmed this by unambiguously determining the local velocity to the plasma velocity perpendicular to the plane of the cur-
of the current sheefZhang et al.2002 Sergeev et al2004). rent sheet¥z gcswm) and thed Bx gsm/dt. A linear regression
These observations presented a new view of the current sheatias made between the velocity and the magnetic field time

Cluster’s unique view of the current sheet offered new in-derivative:
sights into current sheet flappinghang et al(2002 showed d By
that during the flapping the current sheet gets very warped/z = Ag + A17. @)
(see their Figs. 3 and 5 and Figin this paper), and the nor-
mal of the current sheet for the neutral sheet crossings wakor the cases in which a strong correlation was found, an es-
often tilted away from theZgsm-axis over more than 9an timate for the scale heightof the current sheet could be ob-
the Y Zgsm-plane.Sergeev et al2004) performed a statisti- tained when a planar current sheet is assumed (which holds
cal study of magnetotail flapping events in 2001 using Clus-whenB; < By):
ter. Using timing analysiHarvey, 1998 they found that the BLA;
normal direction of the current sheet in the GSM XY-plane h = ,
was always pointing away from the midnight meridian, indi- 1+k%
cating that the waves are travelling towards the flanks. Typi-
cally the y-component of the normal was largest and the avWherek, is the regression coefficient betweBpandBy, and
erage propagation velocity of the waves was 57 kfnfor B, is the lobe magnetic field. This leads to current density
more quiet current sheets and 145 knh for active ones. estimate of:

The studies of current sheet flapping discussed above pre- 800
sented observations from a narrow range of distances along ~ A1+ k)) (3)

) L . . 1(1+k1))

the tail for each individual study, either from a single space-
craft location or relatively closely separated (i-e.J000km)  with the current in nA/r. From the AMPTE/IRM data it
multi-spacecraft observations by Cluster. On 5 August 2004was concluded that during flapping events the current den-
both Cluster and Double Star TC1, which were separategsity was more intensej(~ 10-20 nAnT?2) and the current
by ~ 5Rg observed a flapping magnetotail. Using the four sheet thinneri{ ~ 0.2—1 Rg) than was expected from magne-
spacecraft Cluster data, timing analyditatvey, 1999 was  tospheric models for quiescent magnetotajls<(5 nA m=2,
performed on theBy = 0 crossings to obtain the normal di- # > 1Rg, see e.g.Zhang et al. 2006. A recent statistical
rection of the current sheet. This timing analysis showed thastudy byDavey et al.(2012 showed observations of mag-
the current sheet was again very warped (see FigZbang  netotail flapping events also have a similar occurrence distri-
et al, 2005 during the flapping, with an oscillation period bution across the magnetotail to fast magnetospheric flows,
of ~ 10 min. The time difference between the Cluster space-suggesting a link with substorm activity.
craft and TC1 showed that the flapping of the tail takes place At Jupiter some investigations on “flapping” current sheets
over at least a distance ofRg along the tail, and that the were done bysraelevich and Ershkovigt2006 andlsraele-
waves are travelling at a slight angle with respect to the GSMvich et al.(2007) using multiple Voyager 2 and Galileo cross-
Y-direction Molwerk et al, 2005. ings of the Jovian current sheet in order to find if its structure

Theoretical models have investigated those inherent inis Harris-like or bifurcated. In a Harris current shedafris,
stabilities of the Earth’s magnetotail that are driven by the1962 between two regions of oppositely directed magnetic
magnetic field and plasma gradients along and across thields, there is pressure balance between the plasma and the
tail. These models delivered the dispersion relation for thesanagnetic field and the magnetic field can be described by a
types of large-scale waves in the Earth’s magnetotail anchyperbolic tangent with a specific scale heigft
have been presented Bplovchanskaya and Maltsé2005 Z
andErkaev et al(2008 2010. Lately, Forsyth et al(2009 By(2) = Botanh{ ﬁ} . 4)
showed that the so-called “double gradient model” in which
the flapping waves arise through the combination of the mag-This model has maximum current density in the centre of the
netic field gradients) By/dz and dB;/dx, as presented by current sheet described by:
Erkaev et al(2008, best fit the observations made by Clus- B
ter of a flapping current sheet in 2001. Jy(z) = sech { i} . 5)

The flapping motion of the current sheet has enabled de- H H
tailed studies of the vertical structure of the current sheetin contrast to a Harris sheet the current sheet can also be
to be made, given that the observing spacecraft can padsifurcated, which means that there is a local minimum in the

@)
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current density at = 0 which is flanked by two maxima at and Double Star in Se@.1 These results are then compared
7z = +z0 (see e.g.Hesse and Schindlet1986 Runov et al, with data from Cassini at Saturn in Se2t2 and Galileo at
2003. Jupiter in Sect2.3. A comparison with theoretical models is

It should be understood that “flapping” Iaraelevich and  presented in SecB, the possible current sheet bifurcation is
Ershkovich (200§ and Israelevich et al.(2007) refers to  discussed in Sect, and we end with a discussion in Segt.
multiple crossings ofBx = 0, but these crossings need not In this paper, at the Earth, we will use the Geocentric So-
show the characteristics of the Earth’s magnetotail flappinglar Magnetospheric system (GSM) which has its x-axis from
These papers showed a number of profiles®f /9 against  the Earth to the Sun. The y-axis is defined to be perpendicu-
By, taken to be indicative of the current density profiles lar to the Earth’s magnetic dipole so that the XZ-plane con-
of the current sheets. Their observations included 14 bifurtains the dipole axis. The positive z-axis is chosen to be in
cated sheets within the period from 13 September 1996 unthe same sense as the northern magnetic pole. This is the
til 26 December 1998. They concluded that bifurcation is preferred coordinate system for the Earth’s magnetotail, as
not a common feature of the Jovian current sheet. Where.g., for magnetotail flapping the rocking of the current sheet
present, the bifurcation is possibly generated by the ion presnormal only displays its characteristic motion in this system.
sure anisotropy in the plane perpendicular to the magneti@herefore, at the giant planets we will use the planetocen-
field. They present a model for the Jovian current sheet ustric Solar Magnetospheric (pSM) coordinate system which is
ing Vlasov and Maxwell's equations and introduce a strongsimilarly defined with the specific planet as the origin.
anisotropy in the ion pressure. They obtain a current density
for the Jovian current sheet depending on the vector potential

A(z) of the magnetic field (wittB = dA/dz): 2 Magnetotail flapping at Earth, Saturn and Jupiter
j=1/A2—In(1— B2 explA5—In(1— B?)}. (6)  In Fig. 1 we show the relative location within their respec-

o tive magnetospheres of all events discussed in this paper. The
where,A, B are the dimensionless vector potential and mag-event from Cluster is labelled Cl, the events from Jupiter are
netic field. The profile of this Jovian current density fits well |abelled 141, 171 and 173 and the events from Saturn are la-
with that of the Earth for bifurcated current sheets. belled 144, 249 and 265. Also shown are the approximate

In the Kronian magnetotail there are various periodicities|ocations of the magnetopause for the Earth (polynomial val-
related to the rotational period of Saturn, as discussed inies in Table 2 ofairfield, 1971), Jupiter Joy et al, 2002
Arridge et al.(2011); Andrews et al(2012; Provan et al.  with solar wind dynamic pressuryyn~ 0.2nPa) and Sat-
(2012. It was found that the current sheet in the Kronian urn (Arridge et al, 2006 with Pgyn & 0.01 nPa) in planetary
magnetosphere is hinged, similar to those at the Earth aneadii. This gives an impression of where the events roughly
Jupiter, and that it is located above the rotational equator angake place inside the planetary magnetosphere.
adopts a bowl shape over the midnight-dawn-noon local time In this paper, we will use data from the fluxgate magne-
sectors Arridge et al, 2008. tometer on ClusterBalogh et al. 2001) from 2004, Cassini

Cassini data have also shown that reconnection happens imagnetic field datalfougherty et al.2004 at 1s and 1 min
Saturn’s magnetotail (see e.dackman et al.2007, 2008 resolution and the plasma dat#o(ng et al, 2004 from
Masters et aJ.2011), showing the presence of plasmoids 2006 and Galileo magnetometer daavelson et al, 1992
(Hones et al. 1989 and return flows, and indicating that at 27 s resolution from the G8 orbit of Galileo in 1997.
the recurrence rate of these events may be in the region of
~ 2.4 days Jackman et al2011). However, there have not 2.1 Observations at Earth
been any studies with respect to possible magnetotail flap-
ping as have been done at Earth and Jupiter. On 5 August 2004 both Cluster and Double Star TC1 ob-

In this paper, we try to find whether the magnetotails of served a flapping magnetotail as discussedbgng et al.
Jupiter and Saturn show a similar flapping behaviour as th¢2005 andVolwerk et al.(2005. In Fig. 2, the magnetic field
Earth’'s magnetotail, which was not done in the Jupiter pa-components and magnitude are shown for the four (black,
pers discussed above. There is strong evidence that substormed, green, blue) Cluster spacecr&alogh et al, 2001 and
like processes occur in the magnetotails of the giant planetgmagenta) Double Star TCTérr et al, 2005. The yellow
where stored energy is released through reconnection evenshaded area in the figure shows the interval of magnetotail
as shown by e.gJackman et a(2007); Masters et al2017); flapping.

Vogt et al.(2010, which may then be able to drive the flap-  Using the Cluster four-spacecraft data, timing analysis
ping motion of the magnetotail. However, for the six events (Harvey, 1998 was performed on théy = 0 crossings to
that we will be investigating in this paper at these two giantobtain the normal direction of the current sheet. The results
planets plasma velocity vectors are not routinely available of this timing analyses are shown in Taldleand the quasi
Therefore, we first examine the characteristics of the flappingperiod for this current sheet oscillationis10 min. The time
motions at the Earth using magnetometer data from Clustedifference between the Cluster spacecraft and TC1 showed
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100

00 ‘ : = 100 tom are shown the field componensy, By, B, and the magni-

tude Biot. The Cluster spacecraft were locatedl5Rg and TC1

~ 10Rg down the tail, both at a local time 6f 02:00 LT. The multi-

Fig. 1. The location of the flapping events in the planetary magne-Pl€ Bx = 0 crossings were identified as magnetotail flappiigang

totails. Shown are the magnetopauses of the Earth (blue), Jupite®t al, 2003.

(green) and Saturn (red) and the events in the same colours all in

relative planetary radii in planetary Solar Magnetic (pSM) coordi-

nates. signs for both components and opposite signs as shown in
Sergeev et al2004). It is clear that the directions of the cur-
rent sheet normal for both methods (timing and MVA) are not

) ) ) the same as listed in Table however, the pattern of the y-
that the flapping of the tail takes place over at least a_dlstancgnd z-components are quite similar with respect to the signs
of 5 Rg along the tail, and that the waves are travelling at agf potn components, except for crossing #5 for which the

slight angle with respect to thé-direction (seeZhang etal.  ratio of the intermediate and minimum eigenvalue is rather
2005 V_olwgrk et al, 2005, a schematic view of which is small, kmeg/*min = 3. We note that in their comparison of
shown in Fig3. MVA and timing analysisSergeev et a(20061 showed that

As the Galileo and Cassini missions at Jupiter and Satyhe minimum variance direction of a flapping current sheet
urn, respectively, are single spacecraft missions, timing analy,s within 20-30 degrees of the timing vector for values
ysis is not possible there. However, the normal of the cur-gs Amed/Amin > 4. A graphical interpretation of the current
rent sheet can also be determined through Mininum Variancgneet normals in the YZ-plane is given in Figy.Here we
Analysis (MVA, Sonnerup and Cahjll967 Sonnerup and  pjot the normal direction as a solid arrow and the error cone
Scheible 1998 over intervals that contain the = 0 cross-  around this direction, obtained from the MVA analysis, as
ing. Also, the data resolution is lower at the outer planetsygtted lines around the arrow. In the top part of Fgwe
for the events that we are looking at: for Galileo the datapaye taken the timing normals and drawn an artist's impres-
sampling rate is 24 s, whereas for Cassini the sampling ratgjon of the warping of the current sheet as indicated by the
used here is 1 min (down sampled from 1), compared 10 thg,ormal directions in the YZ-plane. The current sheet should
22 Hz data from Cluster. Because MVA gives better resultspe gt right angles to the arrows that represent the normals.
on smoothed datasets, we have performed the MVA on spin- aAjthough the absolute direction of the current sheet nor-
resolution (4 s, which is a higher resolution than will be used 5 may not be correct using MVA on low-resolution data,
at Jupiter and Saturn) Cluster data and compare the resuligs compared to multi-spacecraft timing analysis, its general
of the MVA normals with the timing normals in Table In  pepaviour is well captured and we can use this method to

order to get an error estimate of the minimum variance di-jnyestigate possible magnetotail flapping at the giant planets.
rection we also calculate the error cone around the minimum

variance direction, i.e., the angles of this cone in the inter-2.2 Observations at Saturn

mediate and maximum variance directions (for the equations

see, e.g.Sonnerup and Scheihl£998. We use the Cassini magnetic field daBo(gherty et al.
For a wave travelling from the centre of the tail towards the 2004 at 1 min resolution (down sampled from 1 s resolution)

flanks, one expects that the x-component of the normal is miand when possible the plasma daayng et al, 2004 for

nor and the y- and z-components to oscillate between equahe year 2006, in which Cassini went far down the Kronian

Ann. Geophys., 31, 817833 2013 www.ann-geophys.net/31/817/2013/
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Table 1.Current sheet normals using timing analy&ibgng et al.2005 and MVA for 5 August 2004. Shown are the timing normal vector,
the MVA normal vector, the ratio of minimum and intermediate eigenvalue, the error cone around the minimum variance direction in the
intermediate and maximum variance directiagng; > and A¢13 (in degrees).

Crossing  Time| Normal MVA Amed/ min | Ad12 A1z
1 13:34 | (—0.283,-0.677,—0.679) (0.24-0.26,—0.93) 2 1.7 9.7
2 13:38| (0.091,—0.895,—0.436)  (0.32-0.72,—0.60) 8 06 17
3 13:47| (0.128,-0.931,0.342)  (0.50-0.87, 0.04) 9 02 23
4 13:57 | (0.483,-0.624,—0.614) (0.67,-0.69,—-0.24) 10 0.2 2.3
5 14:07| (0.545,-0.754,0.368)  (0.63:-0.76,—0.01) 3 06 23
6 14:14| (0.205,-0.302,—0.931) (0.42,-0.60,—0.67) 9 0.2 1.7
7 14:32 (0.512,—0.742, 0.433) (0.52;-0.85, 0.01) 3 0.2 2.9
8 15:00| (0.509,-0.608,—0.610)

: L :" Cluster. :
o ; 0T Y 3 ]
sl e —

Fig. 3. A schematic view of the kink-like flapping wave emitted
from the central part of the magnetotail in an equatorial view. This

wave propagates towards the flanks of the magnetotail. Double Stz i ~ W

TC-1 and Cluster were located5 Rg apart at same local time and 0 15 30 45 60 75 90 105 120
both observed this wave. The cone-shaped mesh represents the me Time (min), Ny

netopause.

Fig. 4. Graphical representation of the current sheet normals y- and
z-components for the Earth, Saturn DOY 249, 334 and 144 and
Jupiter DOY 141, 173, 171. The top panel shows the timing nor-
tail and remained well within the centre of the tall, i.e., the mals for the Earth with superposed an artist’s impression of the
orbit was located within the region ef20 < Yksm < 20. shape of the current sheet deduced from the normals. The bottom
We have searched for half-hour intervals where there arepanel shows for the Earth both the timing (dotted) and MVA nor-
mu|t|p|e Crossings of the current sheet and selected even@als are plotted The dashed lines forming cones around the solid
for this case study on DOY 144, 249 and 265. Although arrows are the maximum error cones fc_)r the n_ormal direction as de-
the description of tail dynamics may be best described intermined from MVA. The horizontal axis functions as both fii
the spherical KRTP coordinate system (see elgckman direction and the time axis.
et al, 2009, in order to perform the analysis of the cur-
rent sheet normal using MVA we need a Cartesian coordi-
nate system. Also, we prefer to use the same coordinate sys-
tem as at Earth, for reasons mentioned above, and for easwate system. This transformation has the following effect that
ier comparison between planets. The data have been tran®, ~ — By, By ~ —B; andBy ~ — By for DOY 249 and 265,
formed to the KSM (Kronian-Solar-Magnetospheric) coordi- whereas for DOY 144 the transformation is slighly different

www.ann-geophys.net/31/817/2013/ Ann. Geophys., 31, 8833 2013
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Fig. 5. Saturn flapping event on DOY 249. The left panel shows one full day of magnetic field data in KSM coordinates. The right panel

shows a zoom in on the yellow shaded part in the left panel, showing the flapping event. The intervals for the MVA analysis are marked with
filled areas of different shades of gray.

because of spacecraft location aBd~ By, By ~ —B; and tion of the magnetic field is iBy instead ofBy. Also, there

By ~ By. is a significant constar®; ~ —3 nT during this interval.
The MVA performed on the four intervals, shown in Ta-
221 Saturn DOY 249 ble 3 and graphically in Fig4 does not show the expected

direction change of the normal, which would be in the
XZ-plane as the flapping seems to take place in Bye
component. This can have two reasons: (1) Only the first in-

. . . terval has a well defineBy = 0 crossing; (2) there is a strong
clear thatBy crosses zero several times during the interval . . . . . oY
B; during this event. The quasi-period for this oscillation is

04:06-04:42 UT. We define six intervals of strongly chang- ~ 9 min

ing By, Where the last five are alternating decreases and in- . . .
. . . For this event there are plasma data available with the cor-
creases oBy with zero crossings. The intervals are marked L : .
rect pointing of the spacecratft (i.e., corotational flow enters

with filled areas of different shades of gray in Fig.Mini- a}he plasma instrument), that are shown in FigWe have

;nnu dﬂ;::':gslfsa;rilysi\llsezaiﬁ ?.:;;?}erorr?ifcgﬂ tf;ﬁsFeiz |2terv pﬁotted theV; component of the ion velocity and the density
9 grap y g for HT, H} and W'. As the flapping motion seems to be in

The quasi-period for this oscillation i 5 min. .
The results of the MVA show that the x-component of the By component, we have also plottd(By_/ dt (in contrast
o . S . to d By /dt in e.g.,Sergeev et al2004). During the flapping
each minimum variance direction is relatively small com- ", S
. .. period there seems to be some indication that at 06:57 UT
pared to the y- or z-component and is always positive. ' " .
. for d By/dt < 0 one finds for Ii’ a positive velocity, whereas
The y-component was always negative, but the z-component ! .
07:10 UT ford By/dt > 0 one finds for Ij* a negative ve-

switched signs on each crossing between the second ar{U howing th d-d ) fth h
fourth crossings. This is consistent with the observations o ocity, showing the up-and-down mation oft € current sheet
over the spacecraft. However, due to relatively low count

flapping current sheets in the Earth’s magnetotail as pre ; . .
sented bySergeev et al(2004 and in the Earth example ratgs the velocity estlrr_]ate_has arath_er large error, Wlthlother
above. The normal directions in the YZ-plane are shown inestimates than shown in this paper giviig= 0£10kms-

Fig. 4. The eigenvalue ratio for each vector was above 6 and?" IS event (R. Wilson, personal communication, 2012).

was for most of the events was above 100, indicating that the IS makes it difficult to assign the flapping label to this
minimum variance direction was well defined. Based on the€VeNt @s the MVA result is negative and the plasma data are

MVA results, this event will be considered as a detection Oflnconcluswe.
magnetotail flapping at a period &f~ 5 min.

The magnetic field data for DOY 249 (6 September 2006)
and the interval 03:45-05:15UT are shown in Fglt is

2.2.3 Saturn DOY 265
2.2.2 Saturn DOY 144

We show the data for DOY 265 (22 September 2006) and a
One special event happened on DOY 144 (24 May 2006)zoom in on interval 11:00-13:30 UT in Fig. Again a min-
during the interval 06:30—08:00 UT. The data are shown inimum variance analysis is applied to the intervals indicated
Fig. 6, and it is clear that during this event the main oscilla- in the figure. The results for the normal direction are shown

Ann. Geophys., 31, 817833 2013 www.ann-geophys.net/31/817/2013/
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Table 2. MVA analysis for the intervals during the Saturn DOY 249 flapping event. The lines starting with T mean that thereByas 6o

crossing during the interval. The current sheet normal is given by the eigen vector of the smallest eigenvalue and is chosen such that the x-
component is positive and the y-component negative. For a flapping event the z-component should alternate between a positive and negativ
value in alternating3x = O crossings. Also the ratio of the minimum and intermediate, eigenvalues is given and the error estimates. A
symbol> for Ao/11 means a greater than 100 ratio and a symbai the error estimates means a value less than 0.001.

Time ‘ MVA Amed/Amin ‘ Ap12  Ad13
T 04:12:32-04:15:32 (0.59,—0.74, 0.30) 11 1.7 9.2
04:21:32-04:23:31| (0.16,—0.43,0.88) > < 52
04:23:31-04:27:32 | (0.26,—0.76,—0.59) 6 2.3 19
04:28:30-04:33:32| (0.25,—0.68, 0.69) 20 1.1 5.7
04:33:32-04:35:32 | (0.05,—0.02,—-0.98) > < 11
04:36:32-04:39:32 | (0.04,—0.46,—0.88) > < <

L O, PR
0645 0700 0715 0730 0745
ut

So u
IS)
3
o
@l
1<}
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=
oL
3
5]
[
a |
o
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N
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o
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Fig. 6. Saturn flapping event on DOY 144. Format as in Eig.

in Table4 and graphically in Figd. The quasi-period of this  where the spacecraft is partly traversing the central part of

event was~ 15min. the tail outbound from Jupiter and traversing the dusk-side
Similar to the event on DOY 249 the minimum variance tail during the inbound part of the orbit. Unfortunately, the

direction showed a pattern of small x-component, an alterplasma data available from this mission are too sparse to help

natingly changing sign of the z-component and constant sigwith this investigation. The cruise data for the magnetic field

for the the x- and y-components. The eigenvalue ratios weravere sampled at 24 s resolution.

all above 4, suggesting the minimum variance direction was We will discuss three events on DOY 141, 171 and 173

correct to within 20-30 degrees (Sergeev et al., 2006a, b)pf 1997 in the following sections. The rotational (system Il1)

but were somewhat smaller than from DOY 249, with only period of Jupiter of 9h 5529.71" (see e.g.Dessler 1983

two crossings with eigenvalue ratios greater than 200. Interis apparent in the data. The tilted Jovian dipole)(6°, see

estingly, there seems to be a skip at the sixth interval, whiche.g.,Bagenal et a].2004 sweeps the current sheet up and

looks like a sharp change in the motion of the current sheetiown over the spacecraft in roughly 5h intervals because

from the data shown in Fig8 right panel. There then is a Galileo’s orbit remains near the Jovian equator. We searched

rather large time gap, almost 1 period, before the next curthese current sheet sweeps for flapping events.

rent sheet crossings and Cassini's ultimate crossing from the

southern to the Nor_thern Hemisphere. We will identify this 5 3 4 Jupiter DOY 141

event as magnetotail flapping.

) ) The magnetic field data for DOY 141 (21 May 1997) and
2.3 Observations at Jupiter for the interval 19:00-19:45UT are shown in Fiyin the
Jovian-Solar-Magnetospheric (JSM) coordinate system, as
At Jupiter, we use the Galileo magnetometer d&iaglson defined above. The spacecraft is near the centre of the Jo-
etal, 1992 from the G8 orbit (i.e., the eighth orbit of Galileo vian magnetotail. There is a low-amplitude oscillation of the
around Jupiter, and the target flyby moon was Ganymede)magnetic fieldBx during this current sheet crossing. We have
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Table 3. MVA analysis for the intervals during the Saturn DOY 144 flapping event. Format as in Zable

Time \ MVA Amed/*min | Ad12  Ad13
06:52:30-06:59:32 | (0.23,—0.63, 0.74) 7 5.7 11
07:01:30-07:03:32| (0.35,—-0.12,0.92) > < <
07:05:31-07:08:31| (0.19,—0.02, 0.98) > < <

t 07:14:31-07:17:31 (0.70,-0.41,—0.57) > < <

Table 4. MVA analysis for the intervals during the Saturn DOY 265 flapping event. Format as in Zable

Time ‘ MVA Amed/*min ‘ Ag12  Ad13
1t11:11:30-11:22:31 (0.20, 0.57-0.80) 15 0.6 5.2
t11:22:31-11:38:31 (0.18, 0.33, 0.93) 4 1.7 12
111:43:31-11:48:31 (0.03, 0.41-0.92) 240 1.1 2.3
t11:48:31-11:56:31 (0.37, 0.92, 0.09) 27 0.6 4.6

11:58:32-12:05:31| (0.17, 0.56,-0.80) 240 0.6 17
12:05:31-12:10:31| (0.26, 0.43-0.86) 10 1.7 9.7
12:10:31-12:17:32| (0.20,0.92,0.31) 13 0.6 8.6
12:35:31-12:45:32| (0.13,0.51-0.85) 5 0.6 14
12:49:32-13:08:32| (0.11, 0.29, 0.94) 9 1.7 5.7

performed MVA analysis on the current sheet crossings, and The MVA analysis is now performed on the rotated dataset
the result is shown in Tableand graphically in Fig4. and the results are shown in Taland graphically in Fig4.

The minimum variance directions show a similar pattern The minimum variance directions for thg, = 0 crossings
as for the Earth and Saturn, a small x-component, and are all very well defined, with all the eigenvalue ratios greater
oscillating z-component at constant sign of the x- and y-than 10. The directional pattern showing up in the current
component, indicative of a flapping event, a wave travellingsheet normals shows a strong oscillation in amplitude be-
from the centre of the magnetotail towards the flanks. In-tweenY; andZ,. The third crossing does not conform to this,
deed, for the first five MVA directions we find this pattern, with a negative z-component when we would expect a posi-
however, for the last twdy = 0 crossings there seems to be tive z-component, however, this component was very small.
a skip in the alternation. We note that the eigenvalue ratiosThere seems to be a skip in the last 2 crossings, which were
for these MVAs were much lower than for the Saturn and not continuous with the first three, as can be seen inHig.
Earth events, with only three events with an eigenvalue ratioalone Bx,-dip does not cross zero). The quasi-period of these
greater than 4. However, based on the behaviour of the curescillations is~ 3 min.
rent sheet normal, which is as expected for a travelling wave,
we identify this event as magnetotail flapping in the centre of
the Jovian magnetotail. The quasi-period for this oscillation2.3.3  Jupiter DOY 171
is ~ 4 min.

The data for DOY 171 (20 June 1997) and for the interval
2.3.2  Jupiter DOY 173 14:30-15:30 UT are shown in Figil. Again, there are mul-

tiple Bx = 0 crossings. However, there are also oscillations

in the By component as in DOY 173. As Galileo is in a simi-
The magnetic field data for DOY 173 (22 June 1997) and théear region of the Jovian magnetotail as on DOY 173, we once
interval 02:30-03:20 UT are shown in FItP. There are sev- more rotate the magnetic field data oweB0® around the
eral By =0 crossings as well aBy = 0. Galileo is located  z-axis to account for the flaring of the tail. We perform the
in the dawn flank of the Jovian magnetotail, where the mag-MVA analysis on the rotated data and the results are shown
netic field is influenced by flaring (see e.guyddleston etal.  in Table7 and graphically in Fig4.
1998 Belenkaya et a).2005. The field lines are no longer The current sheet normal directions show mostly a min-
mainly in the x-direction, as they are near the centre of theimal X,-component, a sign-changing z-component at con-
magnetotail, but obtain a significant y-component. We, theresstantly negativeX,- and Y,-components, which is indicative
fore, transform the data by rotating oveB0° around the z-  of a flapping event, where a travelling wave is moving in
axis, whereby the main variation of the magnetic field is in the Y, direction. The eigenvalue ratios in this interval were
the rotatedX,-component. comparable to but slightly higher than those from DOY 141.

Ann. Geophys., 31, 817833 2013 www.ann-geophys.net/31/817/2013/



M. Volwerk et al.: Comparative magnetotail flapping 825

Table 5. MVA analysis for the intervals during the Jupiter DOY 141 flapping event. Format as in Zable

Time ‘ MVA Amed/*min ‘ Ag12  Ad13
t19:14:31-19:10:1§ (-0.19,—0.60, 0.78) 1 2.3 63
119:10:15-19:13:03 (—0.21,-0.82,—0.53) 4 2.9 15

19:13:27-19:15:27| (—0.54,-0.80, 0.24) 3 1.7 49

1915:51-19:17:51 | (—0.42,—0.46,—0.78) 9 06 12

19:23:51-19:26:17| (—0.49,-0.01, 0.87) 4 2.3 20

19:29:27-19:31:03| (—0.14,-0.91, 0.39) > 0.2 0.3

19:33:03-19:35:27 | (—0.28,—0.64,—0.70) 12 1.1 86
Table 6. MVA for DOY Jupiter 173.

Time ‘ MVA Amed/ min | Ad12  Ad13
02:48:54-02:50:421 (—0.08,—0.97,0.24) 14 0.6 5.7
02:52:52-02:53:42 (—0.16,—0.39,—0.91) 120 0.6 2.9
02:53:53-02:54:40 (—0.26,—0.96,—0.07) > 0.6 1.1
02:57:18-02:58:05 (—0.11,—-0.91, 0.39) > < <
02:58:05-02:59:53 (—0.01,—0.45,—0.90) 32 0.6 4.0

Except for the last twaBx, = 0 crossings, where there is wherep is the current sheet density and the dispersion rela-
again a sign skip. The quasi-period for this event i4 min. tion is given by:
In summary: We examined the reliability of MVA to de- wik A
termine the true current sheet normal direction (taken to bevy = ————,
that determined by multi-spacecraft timing analysis) for pe- JK2AZ + )L,f
riods of flapping current sheets at Earth. Using this, we have _ ) .
studied several dynamic current sheet crossings at Saturn atyf’ere A is the current sheet half-thicknedsjs the wave
Jupiter and determined the current sheet normal for multi-number and.; is the numerical solution to tan = kA /2.
ple By = 0 crossings per event. For each planet the normals U'nfortunately, there are no muIﬂ—spac;ecraft missions 'at
show strong oscillations, indicative of a “wavy twisted neu- JUPiter and Saturn, unlike at the Earth with the Cluster mis-
tral sheet” as described tBhang et al(2002 (but see also sion, that can deliver the msta_ntaneous half-thlck_megs‘
Cowley, 1981). The period of the current sheet waves was the current sheet and the gradients of the magnetic field that

3—4min at Jupiter and 5-15min at Saturn, compared with?'® needed in Egs7X and ). However, there have been
1-5min at Earth$ergeev et al20063. efforts to estimate the current sheet thickness for several

Cassini revolutions bysergis et al(2011) and for Jupiter

by Khurana and Kivelso(1989 andKhurana and Schwarz|

(2005. As these are not simultaneous measurements with

the events discussed in this paper, we will use magnetic field
3 Comparison with theory models that have shown to work well with the observations

by spacecraft to describe the generic magnetotails of the gi-

We have shown possible magnetotail flapping events forﬁgiiﬁ:}{::)entz and, therefore, predict the period of the flapping

Jupiter and Saturn. We will now put these events into context
with respect to the instability criteria discussed Bskaev 31 gatum
et al. (2008 2009 2010. Forsyth et al.(2009 showed re-

cently that at Earth this model is preferred to describe theThe models for Saturn’s magnetospheric field are based on
behaviour of the magnetotail dUring flapplng The SO-CaHEdthe ring current model bﬁ:onnerney et a|(198l known
magnetic double gradient model follows from the linearisedas CAN81), which was originally developed for the Jo-
MHD equations and leads to a flapping frequency given byyian magnetosphere. Using Cassini magnetometer data, this
(Sl versions taken frorfrorsyth et al.2009: model was modified byArridge et al. (2008 to include

the seasonally dependent bowl-shape of the current sheet,

which e.g., gives an explanation for the observed periodic-
1 < 9Bx > 9B, ) ities, which would not be expected in the almost perfectly

>r= wop \ 9z [ Ox aligned Kronian magnetic dipole magnetosphere. Also, they

)
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Table 7. MVA for Jupiter DOY 171. lines in italics mean nBy = O crossing.

Time ‘ MVA Amed/*min ‘ Ag12  Ad13
09:48:36-09:50:00 (—0.72,—0.57, 0.38) 4 4.6 22
09:50:00-09:52:12 (—0.35,—-0.93, -0.11) 6 1.7 17
09:52:12-09:55:26 (—0.24,-0.22, 0.94) 3 7.4 29
09:55:26-09:57:00 (—0.14,-0.33, -0.93) > < <
10:00:14-10:02:13 (—0.11,-0.15, 0.98) 11 1.1 9.7
10:02:13-10:04:12 (—0.47,-0.77,-0.41) 6 1.1 17
10:05:49-10:07:26 (—0.34,—0.73, -0.59) 30 1.1 6.3
10:09:00-10:11:49 (-—0.10,—0.34, 0.93) 15 1.1 34
1s after the internal Kronian field has been subtracted from the
5 data. Therefore, we will use the CAN81 model to calculate
“ the flapping frequency as given by Eq).(As the flapping
i: i-s events at Saturn are taking placeXatsm < —16Rs, we use
region Il of the ring current model, which has the following
equations for the magnetic field:
11
B," =
nolo 1 a’r 1 1
)| =(Fi—-FB+2D)—— [ =-=] (. O
Il
. 10 BZ —
g5wm/f’/\’ wolo 2 2.1/2 a’(z—D z+D
| | <T) |:2D(Z +7r%) vy F—13_ o ,(10)
I . 1/2
g Fi= [(z - D)2+a2] , (11)
1/2
: Fa=[@+Dy2+a?| ", (12)
¥
* *_ -—% - - - - — % - % - - - - - 7 . .
o T i where, with the parameters determined Bynce et al.
50 | ‘ o1 (2007, polp ~ 60.4nT is the ring currentD ~ 3Rs is the
. o half-thickness of the current sheetx 15.5Rs is the inner
* . - + e loos 2 radius of the region III.
s+ % " oK X As through using magnetotail models we can only get
65 7 75 8 rough estimates of the flapping frequency for generic magne-

totail models; for simplicity we will assume that the space-
craftis at the midnight meridian, we can $xt= B, and find
the derivatives that are needed in Ef: (

Fig. 7. Saturn flapping event on DOY 144. Shown are the magnetic
field components in KSM coordinates and the total magnetic field.
Then the time derivativé By /dt, the z-component of the plasma ve-

locity and the density for Hi (blue), H; (red) and watergroup ions 4 B, wolo

W (black). The three vertical dotted lines show to whitBy /dt d_z = 2
the plasma/z map. 2

a z—D z+D

4 \ (@24 (z—D)?32  ((a®+ (z+ D)?)3/2
modified the CAN81 model to take into account the hinging 2D 13
of the magnetotail. This leads to a rather complicated model + (22+x2)12 | (13)
of the magnetic field equations, which describe the observeddBZ noloDx
magnetic field well, but may be too detailed for the estimate —— (14)

= 2. 2\3/2°
of the flapping frequencies. dx (z¢+x°)

However, it has been shown tougherty et al(20095 The variation of the internal magnetic field needs to be added
andBunce et al.(2007) that the simple CAN81 model can to these derivatives. The density in Saturn’s magnetosphere
rather well describe the magnetic field of the current sheeturing the flapping events discussed above is low, see e.g.,

Ann. Geophys., 31, 817833 2013 www.ann-geophys.net/31/817/2013/



M. Volwerk et al.: Comparative magnetotail flapping 827

k\(\ U 2
N WAL R
-2
5r 2
@0 = i S @0 J%NN\~- e
-5 -2
t t 1 )
= e o matn (U e AL A o~ o T
H 1-5 H -2
155 1 1 6
s 101 o] 4;_~_
o 5 0 ol \\/WJ/W'\‘\/
. ‘ W™, ‘ oL ‘ ‘
0000 0500 1000 1500 2000 1100 1130 1200 1230 1300 1330

ut

Fig. 8. Saturn flapping event on DOY 265. Format as in Eig.
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Fig. 9. Jupiter flapping event on DOY 141. The left panel shows one full day of magnetic field data in JSM coordinates. The right panel
shows a zoom in on the yellow shaded part in the left panel, showing the flapping event. The intervals for the MVA analysis are marked with
filled areas of different shades of gray.

Fig. 7, and we choose an upper limN < 0.1cnm 2 with differences between the three models are shown in Fig. 24.12
an average mass of 10 AMU. This leads to the follow- in Khurana et al(2004), and even though the model Eju-

ing spread in the Kronian tail for 18 X < 40 to flapping rana(1997 seems to fit the Galileo data best, we opt here
periods of 1% < T <49 min. This range is at longer pe- to use the model b&oertz(1976. The equations describing
riods than measured above (5-15min), however, this carthe magnetic field are much simpler to manipulate.

well be due to the uncertainties put into this simple model, For the two important components of the magnetic field
e.g., a current sheet thinning to half the nominal value, i.e.needed in Eq.7) we find the following expressions for the

D = 1.5Rs reduces the period by approximately a factor field created by the current sheet:

1.5. The reason for reducing the half-thickn@sss that the b Z
Earth magnetotail flapping is more likely to occur when the b, = a—filtanh( ) , (15)
current sheet is thirSergeev et al2006H. r D)
aCBoD(r)
bz = T a2 (16)

3.2 Jupiter
wherebg = 10° T, a = 0.7, the current sheet half-thickness

Khurana et al(2004) describes several models for the Jovian can be estimated by (r) < 4.6/r%3R; for r > 2 and for

magnetic field, and for the region which is interesting for variations close to the equat6ér~ 10 and both- andz are

this paper three models for the current sheet are compare@xpressed in Jovian radii. To this, the dipole magnetic field

Connerney et a1981) (with a comment byEdwards et al.  Bp needs to be added. The density of the current sheet is

2001), Goertz(1976 and Khurana(1997. The qualitative  given byN =5 x 10776,
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Fig. 10. Jupiter flapping event on DOY 173. Left and middle panel format as inFi¢\s the data need to be rotated to account for the
magnetotail flaring, the right hand panel shows the data in the rotated system.
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Fig. 11. Jupiter flapping event on DOY 171. Format as in Hi@.

1030

There is no field-line bend-back in this magnetic field For the six events in this study we calculate the mag-
model (for that see e.gkhurang 1997, and for simplicity =~ netic gradient. The magnetic field gradient is determined be-
we assume that the spacecraft is at midnight local time, so wéween consecutive points, i.e., at Galileo the=24s and
can say, = by and we will replace with x. The derivatives  for Cassini 10 s (down-sampled from the 1 s resolution of the

for Eq. (7) are: data in the Kronian magnetotail). The result for the different
events are shown in Fig.2, where the gradients are sorted
dﬂ — bo cosh2 ( < ) D(x)~t 17) with respect to the centrdly of the interval and binned with
dz  xatl D(x) varying bin sizes per event.
dB;  —3Bp;: —(a+33) For Jupiter DOY 141 and 171 there is no evidence for a
dx x4 —4.6aCbo(a +2.3)x ’ (18) bifurcated current sheet whereas for DOY 173 there is too

sparse data to make any conclusion. DOY 141 shows a maxi-

where thex variation in the dipole field is neglected. With mum aroundB, = 0, with another maximum arounsl, ~

Galllleo located b,et""ee,” 25x < 80R,, we f'”‘?' a fla_pplr_lg 1 which comes from the first part of the interval (19:00—
period for the Jovian tail of 25 < Tiap < 30.5min, which is 19:15UT). DOY 171 shows an almost constant value for
higher than the quasi-periods found above (3—4 min). How- By/dt, with no indication of bifurcation. For DOY 173
ever, for the current _sheet thickness the upper_lim_it is use here are too few points in the bins to obtain any informa-
in this madel, r(_aducmg that ngmber fo one third its V.aluetion about the structure of the current sheet. This is in agree-
reduces the p_erlods to half their values, closer to what is Ob'ment with the observations Hgraelevich et al(2007) that
served, but still off. bifurcation is seldomly observed in the Jovian tail.

For Saturn DOY 265 there seems little evidence for an
actual bifurcated current sheet, with a rather flat curve of
dBy/dt. For DOY 144 the behaviour is slightly different,
with elevated gradients arourg) ~ +1 nT with respect to
By = 0. However, the error bars are rather large.

4 Current sheet bifurcation

As described in the introductidsraelevich and Ershkovich

(20086; Israelevich et al(2007) studied the bifurcation of the On DOY 249 there are two peaks B /dr at By ~

i h ing i Is with multipl . : :
Jovian current sheet during intervals with multiple current'j:o.5 nT, where the negative peak is well determined,

sheet crossings observed by Voyager 2 and Galileo. The'\r/vhereas the positive peak had large error bars. This may well
conclusion was that a bifurcated current sheet happens onl b b 9 ‘ y

seldomly at Jupiter. ¥e a bifurcated current sheet, however, through the 18ge
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Fig. 12. Magnetic field gradientd Bx/dt as a function ofBy. For each event the axes have a different ranges and the data are binned
differently. Bin sizes: Jupiter DOY 141 — 0.125nT; Jupiter DOY 171 — 0.25nT; Jupiter DOY 173 — 0.5nT; Saturn DOY 144 — 0.125nT;
Saturn DOY 249 — 0.125nT,; Saturn DOY 265 —0.125nT.

component betweery 04:15 and 04:30 UT the gradient de- moving as mentioned above, the normal is expected to flip-
termination may be contaminated. Taking out this intervalflop in the YZ-plane and have only a minor componenkin
does not improve the result significantly. In case that plasma data are available the up-and-down veloc-
ity of the magnetotail can be determined, which should have
. ) a correlation with the time gradient of the magnetic field.
5 Discussion Unfortunately, for various reasons plasma data for these six

) . .revents down the tails of the giant planets that can be used for
We have performed a first comparative study of magnetotail .~ ™ . ) .
this kind of analysis are scarce. For three possible flapping

flapping, comparing the fjetalls of the_ flapping process thatevents selected at Cassini only for one event the pointing of
were found in the Earth’s magnetotail to the giant planets

Jupiter and Saturn. Several events where there are muItipIthe spacecraft was adequate to obtain a reliable estimate of

Bx = 0 crossings and/or oscillations 8§ whilst the space- ﬁ1e vz component. Thus, the main method for flapping iden-

craft moves from one hemisphere of the tail to the other aretiﬁca1ti0n was the current sheet normal direction.
We have shown two events at Saturn that could be identi-

tudi ing minimum varian nalysis t tain th r-. : L
studied using um variance analysis to obta € Uied as flapping based on the current sheet normal direction
rent sheet normal.

. gDOY 249 and 265) and one event where the MVA analy-
At Earth it has been shown that some of these events are. . ; . .
so-called flapping events, where a kink-mode like wave in>'s Was inconclusive, put the avaylable plasma dgta Is hard
the magnetotail moves from the centre to the flanks at a sligh ressed to support the interpretation that the Kronian magne-
. S - . .~ .2 Totail was flapping. Therefore, DOY 144 at Saturn cannot be
angle with the midnight meridian. The propagation direction : :
. . abelled a magnetotail flapping event.
can be determined for the Earth through the multl-spacecraflt At Jupiter three events were shown where the MVA anal-
mission Cluster in combination with the Double Star mis- . P .
sion ysis clearly showed the motion of the current sheet normal

Unfortunately, at Jupiter and Saturn there are no multi-" agreement with the expectations for flapping events. One

spacecraft missions and, thus, we have to identify the posghlng that needs to be addressed is the rotation of the coor-

sible flapping motion through different methods. We havedma.‘te §ystem for the flank events (DOY 171 an_d 17_3);,The
. - oscillation of the current sheet normal is “flapping-like” in
chosen to look at the current sheet normal during the vari- ; .
: the rotated coordinate system. This means that the waves
ous crossings of the neutral shégt= 0. In case of a wave
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travelling through the tail at a slight angle with respect to at Earth (see e.gNakamura et al2004). Also, the predispo-
the X jspv-axis near the centre of the tail, propagate under asition of the current sheet for the “double gradient instabil-
greater angle with respect to thgsy-axis near the flanks, ity” may not occur as often in the Kronian magnetosphere.
but not with respect to the rotateg-axis. This means that Similar comments can be made for the Jovian magnetotail.
the waves move with the direction of the magnetic field in A question can arise whether a bifurcated current sheet
the tail. can produce a flapping signature when the spacecraft passes
Estimates for the period of the flapping were obtainedthrough. A crossing of a bifurcated current sheet would give
from the magnetic field models for Saturn and Jupiter basedise to a signature in whictByx decreases, then increases
on the double-gradient instability model. The estimated pe-again and then decreases, however, it will not necessarily
riods were above those observed, however, this can well béead toBy = 0 crossings depending on the orbit of the space-
caused by errors in the input parameters for the magnetoeraft (see e.g.Runov et al. 2003 2004, which were a re-
plasma in both tails, like the current sheet thickness and theuirement for the search of flapping events. Naturally, it can-
plasma density. not be excluded that current sheet bifurcation can play a part
One of the differences between Jupiter, Saturn and thén the signatures that are measured, however, in this paper the
Earth is that the giant planets are rapid rotators, more tharstudy of possible bifurcation of the current sheets at Jupiter
twice as fast as the Earth. This could have influence on theand Saturn showed that for only one event a case could be
observed waves. At Earth a statistical stu@gigeev et al. made.
2006h has investigated the occurrence frequency of flap- Further statistical studies of magnetotail flapping at Jupiter
ping events as a function dfy, gsm, Which shows that, al- and Saturn, using Galileo and Cassini data are planned to be
though the distribution function is a narrow Gaussian, for performed in the near future. Some of the topics that cannot
relatively high velocities, 10& |Vy| <500kms?, thereis  be addressed in a case study like this one are: Is magnetotail
a non-negligible number of events in their study. This rangeflapping dependent on local time; What is driving magneto-
of values forVy, gsm contains the corotational velocities at tail flapping (one presented case shows a connection to mag-
the giant planets. Howevegergeev et al(2006h) do not  netic reconnection); What is the occurrence rate of flapping
show any data for events with strofg, and do not indicate  events in comparison to that of magnetic reconnection. Some
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