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Abstract. One-fluid ideal MHD model is applied for de- 1 Introduction
scription of current sheet flapping disturbances appearing

due to a gradient of the normal magnetic field component.gjapning oscillations of the magnetotail current sheet have
The wave modes are studied which are associated to the flageen detected by many spacecraft measurements. Namely,
ping waves observed in the Earth’s magnetotail current sheete| YSTER observations in the Earth’s magnetotail current
In a_linear approximz_ition, solutions are obtained_ for modelsheet indicated the appearance of the wave perturbations
profiles of the electrlq current and _plasma densme; acrossgpagating along the current sheet perpendicular to the mag-
the current sheet, which are described by hyperbolic funcyggic field lines. The observed cases of such waves were first
tions. The flapping eigenfrequency is found as a function ofyescribed by Zhang et al. (2002). A comprehensive statistical
wave number. For the Earth’'s magnetotail conditions, theanalysis of Sergeev et al. (2003, 2004), Runov et al. (2005a,
estimated wave group speed is of the order of a few teng, 2006), and Petrukovich et al. (2006) has proved the ex-
kilometers per second. The current sheet can be stable Qgience of such kind of waves, which were identified as the
unstable in dependence on the direction of the gradient of;n”_jike disturbances. The CLUSTER observations are
the normal magnetic field component. The obtained disperi, fayor to the assumption, that the flapping perturbations
sion function is used for calculation of the flapping wave dis- appear more frequently in the central part of the tail, than
turbances, which are produced by the given initial Gaussiahegr the flanks. This statement was also confirmed by Geo-
perturbation at the center of the current sheet and propagatyj| gata (Sergeev et al., 2006). In the near-flank tail regions,
ing towards the flanks. The propagating flapping pulse hagpe flapping waves propagate predominantly from the cen-
a smooth leading front, and a smalllscgle oscillating trailingier to the flanks (Sergeev et al., 2004). These observational
front, because the short wave oscillations propagate muchegyits confirm the hypothesis about an internal origin of
slower than the long wave ones. the flapping motions, due to some nonstationary processes
(like magnetic reconnection) localized deep inside the mag-
Keywords. Magnetospheric physics (Magnetotail, MHD netotail. The plasma sheet flapping waves are interpreted
waves and instabilities; Plasma sheet) as quasi-periodic dynamical structures produced by almost
vertical slippage motions of the neighboring magnetic tubes
(Petrukovich et al., 2006). Data analysis yields a typical fre-
quency of the flapping waves;~0.035 sl (Sergeev et al.,
2003). A group speed of the flapping waves, estimated from
data analysis, is in a range of a few tens (30-70) kilome-

Correspondence ta\. V. Erkaev ters per second (Runov et al., 2005a). Spatial amplitudes and
BY (erkaev@icm.krasn.ru) wavelengths are of the order of 2R3 (Rg is the Earth’s
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In our present paper, the approach of Erkaev et al. (2007,
2008) is applied for more realistic background current den-
sity profile and different plasma density profiles. In addition,
we analyze flapping wave propagations towards the flanks
from the given sources localized to the center of the current
sheet.

2 Basic equations and model assumptions
We apply conventional equations of incompressible ideal

magnetohydrodynamics (MHD) for nonstationary plasma
P (xa Zl)dx sheet parameters

Fig. 1. Displacement of a small element of the current sheet. 0 (% +V. VV) +VP = iB . VB, 1)
Mo
i i i - 0B
radius) (Petrukovich et al., 2006). Using CLUSTER obser- 05 +V.VB=B.VV. @)

vations, Laitinen et al. (2007) found a relationship between 9¢
the flapping motions and reconnection events. ap

In spite of good observational background for the flapping a;
oscillations, a physical mechanism of this phenomenon ha:
not been understood well. Several theoretical models wer

+V.Vp=0, V.-V=0, V.-B=0. ©)

?ere uo is the permeability of free spac¥,, B, p, P are
introduced, but each of them has difficulty in application to he velocity, magnetic ﬂeld’ plasma density and total pres-
sure (sum of the magnetic and plasma pressures), respec-

this effect. In particular, the Ballooning-type mode was pro- tively. We consider specific wave perturbations propagatin
posed by Golovchanskaya and Maltsev (2005). This balloon- Y- b P propagating

ing theory implies the condition, that the wave length scale jgacross the magnetic field lines, which are much slower than

much less than the curvature radius of the magnetic field IineFhe magnetosonic modes. In this case the incompressible ap-

This condition can hardly be fulfilled in the plasma sheet with proximationis qglt_e reasonable. Oulr study is focussed on the
a small normal component of the magnetic field. wave modes existing due to a gradient of fecomponent

Volwerk et al. (2003) interpreted flapping oscillations of 't?]g}ge rggr?qn%tﬁs:l rc}:rsreant fg;gtn?ggg tﬁﬁ;ﬁgﬁgﬂ%gh Haerzz
the current sheet, which were observed before and after suk% * P 9 9 '

storm onset, as driven magnetoacoustic kink modes studiefgUS we consider the two magnetic gradients as key factors

by Smith et al. (1997). However, the magnetoacoustic wave r the current sheet oscillations. .Th's approac_:h, gpplled by
rkaev et al. (2008) for the flapping wave oscillations, was

have too large frequency and wave speed that exceeds the . . ) o
called as “Magnetic double gradient mechanism”.

observed values. We begin with a qualitative explanation of the expected
Louarn et al. (2004) investigated the low-frequency pres- ., flapping instability and waves. A plasma element of

sure and magnetic oscillations observed by CLUSTER in the . ;
. . L a unit volume, considered at the center of the current layer,
plasma sheet with the aim of determining if they are magne- o e
. . - is shown in Fig. 1. In equilibrium state the total pressure
tohydrodynamic (MHD) eigenmodes. This work was further . . .
continued by Fruit et al. (2004). They found that the ob- gradient compensates the magnetic tension,
served kink mode (0.04 Hz) and the high-frequency sausage p 1 9B,
mode (0.14 Hz) are compatible with the MHD model of Har- rn = % AP
ris sheet oscillations propagating in the x-direction, with
wavelength of &g and 3Rg. A small displacement of this plasma element along the z-
An interesting physical mechanism addresses to the drifdirection yields the restoring forcg,, which is a difference
kink modes investigated by Daughton (1999), Karimabadiof two forces caused by the magnetic tension and the total
et al. (2003) and Sitnov et al. (2004). A particular feature pressure gradient,
of these wave modes is that they can propagate only in the
direction determined by the proton drift velocity. However, f, — —iBX (5@% — _i(gz <8B" %) ) (5)
they can be convected by a bulk flow. Ko dx o 9z 9x /.o
Another theoretical model was proposed by Erkaev et
al. (2007, 2008) in a framework of MHD approach. In ac-
cordance to this model, MHD flapping modes can exist du
to a gradient of the normal magnetic field component alongy2s, )
the current sheet. 52 = @78 (6)

(4)

Here B, (8z) is determined from the Taylor series expansion.
eThis force accelerates plasma in the z-direction
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where \Q\\\
1 9B, 9B, z
= |— . 7 J
! \ op 0z dx (7) x / 24
In case of positive product of two magnetic gradients, pa- y
rameterw  is real, and it has a meaning of the characteristic : T
' ' ' vB,

frequency of the flapping wave oscillations. In the opposite
case of negative product of the magnetic gradients the cur-
rent sheet is unstable. The flapping perturbations can grow
up exponentially without propagation, becausg is pure
imaginary. These two cases are characterized by differentiy 5 Geometrical situation of the problem. Background configu-
behavior of the background total pressure. Namely, the t0ation.

tal pressure has a maximum at the center of the current sheet

—> VB,

for the unstable situation, and it has a minimum for the stableab v 9B .

conditions. Further we take into consideration MHD Eds. ( — — B,— 4+ v,— — B,— =0,

3) and find solutions corresponding to the qualitative scheme 0z ox 8z

discussed above. The background conditions shown in Fig. 20 T 9po -0 duy  dvg —o0 (10)

are considered to be rather simple with a weak dependencé? ‘oz Ty 0z

of the B; component on the x-coordinate The neglected terms are responsible for the small effects re-
B = [By(z/A), 0, B.(x/Ly)], V =0. (8) lated to the Alfen waves propagating in the z-direction.

Here A is a half-thickness of the current sheet, dndis a
length scale of thes, variation along the current sheet. We 3 Linear analysis of eigenmodes
introduce two dimensionless parameter®, (0)/ Bx maxand
v=A/L,, which are assumed to be small.

We consider small perturbations of the magnetic field, to-
tal pressure and velocity,

Substituting Fourier harmonics xExpiwt—iky)) in
Eqg. (L0) and neglecting the underlined terms, we obtain
finally a system of equations for Fourier amplitudes

B = (Bx +bx, by, B-+b2), p=po+p, iwpouy = ] (bzdﬂJrBzdb’“), (12)
P=Py+p, V= (vx,vy,0y). (9) Ho dz dzdp 1 4B
. . . z
As a first step, we make a simplifying assumption, that all/©?0vy — ikp =0, iwpove + 7= = %b" dx (12)
wave perturbations propagating in the y-direction do not de- dv, dB, . dv,
pend on the x-coordinate, and thus they are considered to beb: — Bzd_Z to == 0, iwby— Bzd_Z =0, (13)
functions of time and two Cartesian coordinatesz). dB,
Linearizing Egs. 1-3) for the small perturbations, we wby + = 0, (14)

also neglect small termB,V.b, and B,V,b, (V, is a par- dpo dv
tial derivative with respect to the axig), and retain the iwp+v,—, —ikvy+ —~ =0. (15)
main termb,V,B,. This is justified by the condition dz dz
B.L./(BxA)=¢/vkl. This condition is valid for the an- Hereafter we assume that gradiet®®,/dx is constant, and
alytical current sheet equilibrium solution of Kan (1973). all other quantities do not depend on the x-coordinate. From
The linearized equations with the underlined terms to be nelinearized Eqgs.12-15), treated as a system of ordinary equa-
glected are the following tions with respect ta, we derive a second order ordinary
v, op 1 ( oby 9B, oby 9B, differential equation for the velocity perturbation

z

= (B %y, 2o g DOy OO0 _
Pt T ax wo \ ° 9z + o 9z + Y ox + O dx 1d dv, . (U@®) _
—— | PO— + k Uy _—2 — 1 = 0, (16)
dvy, ap 1 ab, dby podz dz @
p 2+ L= = (3,22 4 8.2,
or  dy o 9x 9z where
v d 1 0B ob dab JB
pt —p=—<bx—z+3x—"+Bz—z+bz ) UGy = — Bx 9B: (17)
ot 0z 1o 0x Jx 0z a4z 4000 dz 0x
ob 0B 0 0B a0 . . .
a—x vza—x — BZ% + vxa—x — B, avx =0, Analytical solution can be obtained fgrp=const, and a
abt ; < ; ¢ —oX  ox Harris-like variation of the background magnetic field
y vy vy
o B, "B =0 By = B*tanhz/A). (18)
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Fig. 3. Frequencies, group and phase velocities as functions of wave &

number for the “kink” and “sausage” wave modes for the uniform
background plasma density.

In this case, EQ.16) is similar to that known from the the-
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Ory Of tea”ng mode InStabI“tleS (P”tchett et al, 1991) The F|g 4., Eigenfunctions Corresponding to the “kink” mode.

eigenfunctions are expressed via Legendre functiﬂﬁs és
follows

V, = CP}'(tanh(z/A)),
A=—1/24[1/4+ (kAo /w)?]Y2,

w=—kA, (19)
where
1 B*0B 1 0B 0B
wp=|———= —< x) < (20)
: Hop A 0x mop \ 9z /,_g 0x

For the “kink” mode,V, is an even function of the coor-
dinate, which requires to fulfill conditioh=—u=kA. This
relation between andk yields equation

kA = —1/2+ \/ 1/4+ (k2)20? fo?. 1)

For the sausage modg, is an odd function, which vanishes
at the center of the current sheet. This mode corresponds to
conditionAi=k A+1 which leads to

kA +3/2 = \/1/4 + (kD)2 2. (25)

This equation determines the “sausage” mode frequency and
group speed as an explicit function of wave number

A
ws = wf k , (26)
V (kA2 + 3kA + 2
3kA + 4
Vs = * 27)

A .
“r 2/[(kA)2 + 3(kA) + 2)3

The normalized frequencias; ;/ws and wave group ve-
locities are shown in Fig. 3. One can see at the figure that
the flapping wave frequency is an increasing function of the

From this equation we derive frequency and group speed agave number. It has saturation for short wave length pertur-

functions of wave number for the “kink” mode

kA
wr = oy AT (22)
Ve = wrAF(kA), (23)
1
FkA) = (24)

2VkAL+ kA3

Ann. Geophys., 27, 41325, 2009

bations, which propagate much slower than those with long
wave length.

Figure 4 shows the amplitudes of the “kink”-like perturba-
tions of the velocity and magnetic field components as eigen-
functions of z-coordinate for a fixed wave numbesA 1.

All perturbations have a smooth behavior, and they vanish far
away from the current sheet center. Figure 5 shows the same
quantities as Fig. 4, but for the “sausage”-like oscillations.

www.ann-geophys.net/27/417/2009/
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Fig. 5. Eigenfunctions corresponding to the “sausage” mode.

The flapping wave perturbations are unstable, when the
product of two magnetic gradients is negative. In this case the

flapping frequency is pure imaginary, and the growth times
andr, of the instability for the “kink” and “sausage” modes

are given by formulas
T =Try/ 14+ 1/(kA), (28)
T, = zf\/l + 3/(kA) + 2/(kA)2,
~1 9B, 9B, \V?
=|— = ) 29
o (/L0,0 0z Ox ) (29)

The “kink” perturbations grow faster than the “sausage”
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Fig. 6. Frequencies, group and phase velocities in the case of non-
constant density profile.

To estimate the effects related to variations of the back-

ground plasma density, we also consider model density func-
tion

=pf— 31
pO(Z) 100 [COSI’(T’] Z/A)]Z ( )

In this case we found numerical solution of the boundary
eigenvalue problem, and result fg=0.4 is presented in
Fig. 6 that shows the frequency, group and phase velocities as
functions of wave number. One can see that the density vari-
ation effect is pronounced quite strongly for low wave num-
bers, and it is rather small for large wave numbers. For two

ones. This instability can take place at some regions of thecasesy=0 andn=0.4, dispersion functions are rather close to

Earth’'s magnetotail current sheet, where fyecomponent
decreases towards Earth.

each other, if the wave number sufficiently larges>1. A
noticeable difference between eigenfrequencies appears only

For example, we estimate the flapping frequency for thefor very small wave numbergA<«1. A constant density

reasonable parameters corresponding to the current she
conditions in the Earth’s magnetotail,
B, =20nT, B, =2nT, A ~ Rg, n, =0.1cm 3,

kA =0.7, 9B,/dx ~ B./L,, Ly ~ 5Rg. (30)

giodel (=0) predicts somewhat lower frequency than that
for nonhomogeneous density modeH0.4).

4 Propagation of flapping waves produced by a local-
ized source

Applying these parameters to Fig. 3, we find the characteris-

tic flapping frequency» y~0.03 s1, and also the group ve-
locity V,=60km/s, and phase velocity,,=274 km/s.

www.ann-geophys.net/27/417/2009/

The dispersion function obtained in the previous section can
be applied for the problem of the flapping wave propagation
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Fig. 8. Oscillations induced by the fixed source localized to the
center of the current sheet.

; - - Fig. 9. Position of the source for the flapping waves.
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y

Fig. 7. Flapping waves propagating from the source localized to theA) for different times normalized tO)]_cl- Figure 8 demon-
center of the current sheet. strates the “kink”-like current sheet oscillations at the point

of the initial Gaussian perturbation (at the center of the cur-
) ) ) __ rent sheet) as a function of time. One can see that these os-
from a given source. In particular, we consider the ini- jjations have a rather weak damping. Figure 9 indicates
tial “kink™-like Gaussian perturbatiog of the current sheet  he nosition of the initial perturbation, which is a source for
which is produced by an external source the flapping wave oscillations (Sergeev et al., 2006). Fig-
£(y,0) = £gexp(—o y?), (32) ure 10 shows.perturbations oI t_he”magnetic“surfaces"in_ the
current sheet in cases of the “kink™-like and “sausage”-like
whereé&p ando are the parameters characterizing the ampli-flapping oscillations. These wave oscillations, produced by
tude and length scale of the initial disturbance, respectively.the initial perturbation (EB2), propagate towards the flanks
Using Fourier method and dispersion E2R), we find so-  of the current sheet. Next we consider the flapping wave dis-
lution for the initial condition 82) turbances produced by a moving source, which have to be
bounded by a cone with ange

(1) = / AGK) expli (@)1 — ky)ldk, (33)

6 = arctarl/My), (35)

where functionA (k) is given by Fourier integral whereM s is the flapping Mach number determined as a ratio

Y . of the source velocityl(;) to the characteristic wave propa-
=5 [ _E0. 0 expliky)dy. (34 gation speed.
Figure 7 shows the “kink”-like wave perturbations induced Vs

by source 82) as functions of the y-coordinates (in units of '/ — V_f (36)

Ann. Geophys., 27, 41425 2009 www.ann-geophys.net/27/417/2009/
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Fig. 10. The “kink-like disturbances of the current sheet produced
by the fixed source.

where Vy is the flapping wave group velocity. This is an
important dimensionless similarity parameter for flapping
waves (like Alfven and sonic Mach numbers for magne-
tosonic waves), which characterizes the interaction betweer
moving source and flapping waves in the current sheet.
Figure 11 demonstrates the wave disturbances of the cur-
rent sheet, which are initiated by a source rapidly moving
towards the Earth (hypothetically BBF). From top to bottom,
there are shown three pictures corresponding to different nor-
malized velocities (in units o r A) of the moving source.
Taking reasonable parametevg~400 km/s, V,~60km/s,
we estimate flapping Mach number abadt=Vo/V,~7. °
This means that the real flapping cone angle for typical BBFs _
should be rather small.

5 Summary

In a framework of the conventional MHD approach, flapping

waves and instability are analyzed in application to the mag-

netotail current sheet. An important necessary condition for

our theory is a presence of the normal magnetic field compo- 80

nent (B;), which has a weak variation along the x-direction.

Analytical MHD solution is obtained for the Harris-like cur-

rent sheet. Dispersion functions are determined for “kink” Fig. 11. The “kink’-like disturbances of the current sheet produced

and “sausage” modes. The frequency and the growth rat®y the moving source for different normalized velocities.

for the “kink” mode are found to be much larger than those

for the “sausage” mode. For both modes, the frequencies are

monotonic increasing functions of the wave number. Thetive or negative. In particular, the instability can arise in a

corresponding wave group velocities are decreasing funcvicinity of a localized thinning of the current sheet, where

tions of the wave number, and they vanish asymptotically forthe B, component has inverse gradient. In this unstable situ-

high wave numbers. ation, the frequency is pure imaginary, and the flapping per-
Two magnetic gradientsy, B, andV, B;, play a crucial  turbations just grow-up without propagation. This means that

role for the stability of the current sheet. It can be stable orinitial static equilibrium state can be destroyed by any small

unstable, if the product of these magnetic gradients is posiperturbations of the magnetic field and plasma parameters.

www.ann-geophys.net/27/417/2009/ Ann. Geophys., 27, 425-2009
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