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Abstract. We show that the slow magnetosonic (SM) pertur- 1  Introduction

bations generated in the vicinity of the magnetopause, due to

the excitation of the Kelvin-Helmholtz (K.-H.) instability in  One of the challenging problems in planetary physics is how
the case of a supersonic flow velocity, are transformed intdhe energy of the solar wind contributes to plasma processes
fast magnetosonic (FM) waves which can propagate into thénside the bow shock, in particular, in the magnetosphere.
magnetosheath. Under the conditions discussed in this papeFhis problem is very important not only for the Earth, but
the FM wave has negative energy in the stationary (magneto?lso for the planets without global magnetic fields, like Mars
spheric) coordinate frame. Due to this the outgoing FM waveand Venus. Experimentally it was established that for all
increases the growth rate of the K.-H. instability excited atthese planets there is a boundary layer that separates the
the magnetopause. Within the linear theory, we investigateshocked solar wind plasma from the magnetospheric (iono-
the influence of the excited FM wave on the growth rate ofspheric) plasma. This layer has a finite thickness across
the K.-H. instability. Simultaneously we predict the trans- Which the retardation (up to zero velocity) of the bulk plasma
formation of the SM mode into kinetic Alen (KA) mode.  flow takes place.

Thus, in general, two types of waves with different polariza- The shear of the velocity can cause the K.-H. instability.
tions (the KA wave and the FM Wave) should appear in theThiS |nstablllty is W|d6|y known. It was investigated analyti-
magnetosheath due to the excitation of the K.-H. instability.cally and numerically in many publications (see, eGhan-

At the same time, the SM perturbations are only present irdrasekhar 1961 Southwood 1968 Ohsawa et al.1976

the localized region where the K.-H. instability is excited. Miura and Prichett1982 Pu and Kivelson1983 Choud-

To correctly describe the excitation of waves, we use two-hury and Lovelacel984 Miura, 1992 Fujita et al, 199

fluid (for electrons and ions) magnetohydrodynamics. Thisdiscussing the generation of the LF perturbations at the mag-
approach is more general than the ideal magnetohydrodyRetospheric boundary of Earth, Mars and Venus. For ex-
namics and allows us to take into account the effects assoample, the K.-H. instability was called upon to explain the
ciated with the finite Larmor radius of ions. Also it can be generation of the Pc-5 pulsations in the Earth’s magneto-
used to investigate the K.-H. instability in a multi-component Sphere by surface oscillations at the magnetopaGsass-
plasma, or in the case where the frequency of perturbations ig1eie, 1993 Sarafopoulos et gl200]). Experimental data

of the order of the gyrofrequency of oxygen ions which may confirm that surface IOW-frequency oscillations at the Earth’s

occur, for example, at the magnetosheath of Mars. magnetopause and Aln Pc-5 waves in the Earth’s magne-
tosphere often appear simultaneously.

According to previous investigations in compressible
plasma when the magnetopause is modelled by a tangential
discontinuity there are two critical velocities for the K.-H.
instability: the lowerv. 1 and the upper one. > (see, e.g.

Pu and Kivelson1983. If the fluid velocity in the magne-

Correspondence tdvl. Franz tosheathVy is smaller tharv, 1 or higher than, », there is
BY (fraenz@mps.mpg.de) no K.-H. instability at all. The existence of the upper critical
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210 N. Borisov and M. Fnz: Excitation of low frequency oscillations

velocity v, 2 is often explained by the excitation of the fast energy in relation with the K.-H. instability was mentioned
FM wave when the flow velocity is high enoudhy > v, 2 in several publications (see, elann et al, 1999 Taroyan
(see, e.gMann et al, 1999. At the same time it is clear and Eralyi, 2002 but the influence of the outgoing FM wave
that when the FM wave is excited the boundary conditionwith negative energy on the growth rate of the K.-H. instabil-
at the upper (magnetosheath) side should be changed. They of the SM waves was not discussed.

boundary condition in the form of an attenuated wave be- Our approach is based on two-fluid magnetohydrodynam-
comes incorrect. It should be substituted by the conditionics (for electron and ions) which can be easily generalized
corresponding to the wave leaking into the magnetosheathfor a multi-component plasma (e.g., two sorts of ions — oxy-
Due to this the conclusion concerning the existence of thegen and hydrogen). Previously a two-fluid approach with the
second critical velocity does not look very convincing. In aim to discuss the K.-H. instability was usedDgbrowolny
2-D simulations of the K.-H. instability,ai and Lyu(2006 (1972 1977 in the local approximation. In such an approx-
attracted attention to the excitation of the FM wave propa-imation the frequency and the growth rate of perturbations
gating into the magnetosheath for supersonic flow velocity.change with coordinates and, thus, does not provide the cor-
But the influence of such excitation on the growth rate of therect description of the instability.

K.-H. instability was not investigated. We would like to mention that, with slight modification,

In the papers which describe the flow interaction as aour approach can also be used to describe the peculiarities of
smooth layer of finite thickness, there is a statement that onlythe instability and the wave propagation for the case when
one (the lower) critical value.1 is present (see, e.§liura, the frequency is of the order of the Larmor frequency of oxy-
1992. In this paper, due to the applied boundary conditions,gen ions. For a better understanding of the physical mech-
no perturbations exist in the magnetosheath beyond the upanism, it is reasonable to start with an analytical approach.
per boundary and it is quite natural that the instability ex- For this purpose the most simple 2-D geometry with straight
ists no matter how large the flow velocity Slfoudhury and  magnetic field lines is used in this paper.

Lovelace 1984 Miura, 1992.

While in the earlier papers, different aspects of the linear
stage of the K.-H. instability were discussed, later papers fo2 Basic equations
cused on the nonlinear stage of this instability. Large scale . _ _
dynamics were analysed numerically in 2-D and 3-D simula-We introduce a system of coordinates in which the plasma
tions based on MHD equations (see, dakagi et al.200§ ~ Moves along the magnetopause (z-axis) with velagjtyPa-
Fujimoto et al, 2006. These simulations have shown that fameters of the medium (plasma density, electron and ion
for developed vortices a coupling with smaller (ion and elec-temperatures, magnetic field, flow velocity), in a general
tron) scales takes place. This in turn results in the penetrac@se, slowly vary along the x-axis (across the magnetopause)
tion of solar wind plasma through the boundary layeuji- and the medium is homogeneous along the y-axis. The layer
moto et al, 2006. The existence of the K.-H. vortices at the in Which the velocityyp is changing has a finite thicknes#.2
Earth’s plasmapause was confirmed experimentally (see, e.d the magnetosphere< —d this velocity is equal to zero.
Hasegawa et 3l2004ha, 2006 2009). In the magnetosheath> 4 the velocityv, reaches a maxi-

In our publication, we would like to attract attention to Mum valueVp and is constant fatr > 4. The magnetic field
one consequence of the excitation of the K.-H. instability atlines Bo are assumed to be parallel to the flow velocity vec-
the planets plasmapause that was not analysed before. Whifr- This situation is typical for the nightside magnetopause.
previously the investigations were concentrated on the influA more general casé ¢ 0) will be discussed in another pub-
ence of the K.-H. instability on the magnetospheric plasma lication.
we discuss the excitation of waves in the magnetosheath due To analyse the excitation of the K.-H. instability in the lin-
to the K.-H. instability. We will show that for supersonic €ar approximation, we use the continuity equations for elec-
plasma flow in the magnetosheath the K.-H. instability at thetrons and ions, the equations of their motion and the Maxwell
magnetopause results in excitation of FM waves that undefduations. The continuity equations take the form
some conditions propagate into the magnetosheath. In suc N
a case, the growth rate of the instability changes significantly—- + V- (NoVq) + Vg Vp =0 Q)
due to the negative energy of the FM wave in the magneto-
spheric reference frame. The outgoing FM wave causes aklere Ny is a non-disturbed plasma density, n; are the per-
increase of the growth rate. The physics behind this is thaturbations of electron and ion densitieg, are the velocities
the leakage of FM wave with negative energy from the regionof perturbations for electrons and ioas=e¢,i. The depen-
where the K.-H. instability is excited causes the increase ofdence of all perturbations on coordinates and time in general
energy in the system. The manifestation of these results deis expressed in the formx £ (x)expli (ot — [“kzdz —kyy)].
pends on several parameters, namely the flow velddity  To take into account the Doppler shiftvp(x) we also intro-
the plasma pressure, the width of the layer, where the velocduce another frequeneyy = w — kzvp(x). Later on in this
ity changes, etc. Note, that the role of waves with negativepaper, we concentrate on the case when the perturbations
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along the y-axis are abseljt=0. Itis convenient to express ,  — % (iﬂAx L9 v 0T )
the electricE and magneti® fields as functions of scalar g —wg \ Mc M dx MNo dx
and vectorA potentials: . 1 ewg
1 2 2 e Y
E=-Vo—2A @ W — w3 Mc
¢ a daTin; i av
b=VxA Vg = —i— pi Y L WAL )

i — +i i y
wgM 0z wgM Ng 0z WJWHi dax
The linearized equation of motion for electrons can then ber . tarms with the collisionless viscosity are omitted in

written as Eqg. (7). However, they will be taken into account later to
ioqvet (v K2 v —CE_ Ve — one[vex €] obtain the correct expression for the KA wave The veloci-
dre T\ Vexy )P = T T T Ngm  Hetter ez ties (6), (7) should be substituted into the Maxwell Eq. (5)

b and the continuity equations. The resulting system of equa-
—wHe[vp x B_o] (3) tions, together with the equation of quasi-neutradity= n;,

allow us to discuss the formation of the LF magnetosonic
Here ve is the perturbation of the fluid velocity of elec- perturbations at the magnetopause.

trons,m, e are the mass and the electric charge of electrons,

pe=yTe-neis the perturbed pressurg, is the background

temperature of electronsye is the gyrofrequency of elec- 3 LF plasma perturbations at the magnetopause

trons,y is the adiabatic constar; is a unit vector along the

z-axis (along the flow velocity). The equations of motion for In this section, we neglect the effects associated with the

ions finite Larmor radius of ions. Due to this we omit the ten-
. P e Vi sor {rr} in the equation qf motion for ions. .It is assumed
iwgvi + (”“Xa) vp = ME_ NO—M+wHi[vi X ez] that small monochromatic perturbations exist along the z-
axis o expli (wt — [“kzdz)].
+oni [vp % i} —LV{n} (4) Below, we consider t.he case when the fre_quemgyat
Bo| MNg the magnetopause and in the magnetosheath is much smaller

contain the tensor of collisionless viscosity} that should  than the gyrofrequency of oxygen iong < wf. This case

be taken into account to present correctly the kinetic @ffy 1S usually discussed in the literature. We would like to derive
(KA) wave, M is the mass of the ionpy; is the gyrofre- @ differential equation describing LF magnetosonic perturba-
quency of the ion. The values for the components of thetions in the presence of a nonhomogeneous flow velocity of
tensor{x} can be found iViikhailovskii and Onishchenko ~Plasmavp(x).

(1995. After the substitution of the velocities for electrons and
From the Maxwell equation for the perturbed magnetic ions (6), (7) into the Maxwell equation for thg, component
field it follows of the vector potential we find
4
V. (V-A)— AA = % eNo(Vi — ve) 5) 2 , Wl dre dvln
c — —kij+— |JAy=— (8)
9x2 2 cwni 0x

The transverse and the longitudinal velocities of electrons ex-

pressed in terms of the electric potentials in the lowest ap- 22
proximation with respect t@q/wne take the form Hereca is the Alfven velocityca =,/ m, vsis the sound

e / .
MewHe 5 9T, The substitution of the velocities (6)—(7) into the continu-
Voy = +H—d_ Ay — 9 __ 7 eft ity equations and elimination of the longitudinal electric field
MOHeC mre 9x  mNowHe 9x gives the following result
e 0 0Ten v av
Ve = —i —¢+i 14 e e_H. e,x y_p 20
wgm 0z Nowgm 0z WdWHe ° 0X (a)g—kzvz . ewy 9 (—OAy) ©)
zYs)t— -
In the equations for ions, we have retained in the denominator cM dx \ wHi

the frequencynq. This is important for the excitation of the  £rom the system of Egs. (8)~(9) we find the equation for the
Alfv én waves with frequenciesy < wy;.

potentialAy
. WHi ewqd
vi’X:_’z—le_Ay 92 A3 4re? 1 9 vie; 9 ( No
@hj —@g M€ ——k2+ Ay+———s—d—<—A>
e ewyq e 3¢ vy oTini 9x2 ci M wn;i CZHXa)g—kzzvgax WHj
i (i Akt — — e ——
Wl —wf \ Mc M dx  MNg dx =0 (10)
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212 N. Borisov and M. Fnz: Excitation of low frequency oscillations

The characteristic scales along the x-axis of the plasma derflank-side magnetopause, wharié <x< x{, the plasma is

sity Ly =y, the magnetic field s = 222 and the fluid  transparent for propagation. According to the analysis pre-
velocity Ly = 2‘{,;’* should be larger than the Larmor radius Sented above, the SM wave can be p{i)sent n thl(s+)reg|0n.

of ions pwi to use magnetohydrodynamics. Also, we supposelts amplitude decreases outwards for x; " andx < x;
that quadratic combinations of the inverse scales are smalfience, this SM wave can be approximately considered as a
enough(LiLj)*l < kf and that the scale of plasma concen- surface wave. For negative signs another relation holds de-
tration is the largesLz/Ly < 1, L,/Ly < 1. In such an  pending on the magnitude of the paramegerIf g at the

approximation, we arrive at the following equation inner side of the magnetopaugsg, is also larger than unity,
the particular points are distributed in the following manner:

x; <x, <xp. Inthis case, the SM wave can be excited
in the regionx, <x <x; . Note, that in the general case
) ) ) there is a link between the SM waves existing in two dif-
This equation describes two modes — the slow and the fasfgrent regions:x; < x <xj andx; <x <xj. This link

magnetosonic waves in a weakly inhomogeneous plasma. Igan be very small (the waves are practically independent)

9 wé(v%—i—ci)—k%véei 0Ay (a)g

—k2)A,=0 (11
5 G- 0\ ) )

the geometric optics approximation Eq. (11) reduces to if the wave attenuation in the regio] < x < xr is large
2 122\ 2 12 2 enough. The attenuation depends on the parameters of the
5 (w§—kzcn)(w§—ksvd) . . . .
T 555 (12) medium and the excited wavelength gl is less than unity
wg(Cca +vg) —kzvsca (which is more typical), we have, <x; <x;. The SM

This well-known equation is used in different papers while wave in this case is localized in the regiog <x <xj .
discussing the K.-H. instability (e.@outhwood 1968 Pu  Note that the wave propagation, in the form of a FM wave,
and Kivelson 1983. It should be mentioned that Eq. (11) is possible in the regiow > x; for the supersonic veloc-

contains several particular points where ity Vo when the absolute value of the frequengyexceeds
12022 kzvs. In the present paper, we shall discuss separately two
CpV i i
WB(x) = k22, w3(x) =k2v3, wi(x)= ; A 2 (13) ~ cases. First, we consider the casze then2 the FM waves are
cx +vg not excited in the magnetosheathj(< kzvg) and the sur-

face waves are present at the magnetopause (the usual K.-
H. instability). Secondly, we analyse the situation when the
FM wave is excited at the magnetopause. Due to this the K.-
H. instability becomes more complicated and involves, under
some conditions (see Sect. 6), the propagation of FM waves
into the magnetosheath.

In the vicinity of these points the approximation of the geo-
metric optics is not valid. So, a more accurate investigation
is required.

We suppose that the speeglx) changes monotonously
with x from vp =0 in the magnetosphere & —d) tovy = Vg
in the magnetosheath & d). It follows from relations (13)
that in general there are six particular poinfs, x5, x5 for

which
N kzvs(xF)ca (x) 4 Kelvin-Helmholtz instability at the nightside
kavp(xp) = 0F e, (14) magnetopause
vg(xg) +cx(xq)
kzvp(xy) = wEkzea(xy), kpvp(x3) = wEkvs(xy) It is convenient to introduce the dimensionless frequency

_ ) oy fa= k‘"—c‘; the velocityu = k”—fA and the dimensionless co-
At the first two particular points;- the SM wave propagates ordinaztep — kyx. Let us assume that paramefeis a con-
perpendicular tcj)E the direction of flow. Indeed, according t0 gt5nt quantity and large enough > 1) and at the same time
Eq. (12) atr = x7 the absolute value of the wave numligr e flow velocity is not too high. Then in the vicinity of the
tends to infinity, that i&% >> k2. The relation magnetopause (if we neglect the excitation of the KA wave)
a common surface wave is formed. This means that the am-
— plitude of the magnetosonic perturbation tends towards zero
Vst CA with increasing distance from the magnetopause. In other
words, no FM wave is excited in the magnetosheath and in
the magnetosphere due to perturbations at the magnetopause.
Jn Eq. (11), there are no singularities becauge< k2v3 ev-
erywhere. Due to this, we may simplify Eq. (11) by assuming
thatw3 < k2v3

2,2.2
kyvsca

wf=

coincides with the dispersion relation for the SM wave in the
transverse cas€ > k2. The other particular points, and
x5 correspond to the SM and FM waves in the case whe
kx ~ 0. Itis convenient to introduce a paramefiet: v3/c3,
which is equal to the ratio of the thermal pressure to the
magnetic pressure. For a positive sign on the right-hand

sides of Egs. (14) the particular points are distributed along 9 < 2 B ) 0Ay B

2 _
the x-axis in the following manner]” <x3 <x3. Atthe  5,\/d 7 g71) 5, ~ ﬂ_ﬂ(fd —DAy=0 (15)
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Now we multiply Eq. (15) byA;; and integrate it with respect
to p. Taking into account thaty — O if | p| — oo we find

[ (53

b Y2
B+1 I
B

)i

ap

oo
2 2
—D]Ay|“dp=0 16
+,3+1/;oo(fd ) Ayl“dp (16)
Let us single out the averaged velocity >
dA
Ju(15 2+ 14y dp
<U>= 3A 8 (17)
S (1522 + 114y ) dp

If we introduce the dimensionless frequenfy= f— < u >
and the velocityt1 = u— < u >, Eq. (16) near the threshold
of instability can be expressed in the form

where
Ay 5 B 2
A= — — A d 19
/<|8p|+ﬂ+1|y|) 0 (19)
B 0Ay , 2
=— — A d
B+1 <| P [“+|Ay] P

Itis clear from Eq. (18) that the instability appear&ifzi >
exceedsB/A. It means that the square of the character-
istic velocity u1 should be of the order of unity or more.
This condition determines the threshold of instability;.

Note that at the threshold of instability the dimensionless

frequency of perturbations i =< u >. This means that the
frequency in the stationary (magnetospheric) reference fram
iISw=kzca <u>.

Let us now make some estimates. Suppose that the veloc-

ity vp(x) changes with: according to
vp(x) = 0.5Vo[1+tanh(§>] (20)

From this equation, we find the typical gradient of the flow
velocity along the x-axigvp/dx ~ 0.5Vp/d. If only this flow

213

V2
<ui> ~ —02, kyd <1
A
V¢ 1.25
2 0
<UT> R —5 ——, kd>1 (21)
4c% k2d?

Now let us discuss another case when the flow velocity is
supersonic¥p > 2vs). This situation is typical for the flanks

of the Earth’s magnetosheath and the magnetosheath of Mars
or Venus. In this case, our main Eqg. (11) contains a singu-
larity at the pointx§L wherewq(x) = —kzvs. This means that
the FM wave is excited at this point and we do not have a
pure surface wave. Note that previously the excitation of the
kinetic Alfvén wave at the singular point was discussed by
Hasegawa and Ché€mh976. Ohsawa et ak1976 mentioned
that such an excitation influences the growth rate of the K.-H.
instability. But a detailed analysis was not presented.

We shall use a somewhat different approach than was uti-
lized in the papers cited above and start with Eq. (11). Let
us integrate this equation within a finite range of coordi-
natesomin < p < pmax- For the upper boundary, we take the
point pmax= kzx3 and for the lower boundangmin = kzx3
if Bsp> 1 andpmin =kzx, if Bsp< 1. Assuming once again
thatL,/Ly =~ 0, we arrive at the equation that determines the
instability

dAy 2

/Pmax (B+DIG—F,
Pmin 8'0

28
Pmax

—/ (f2— 1)l Ayl2dp—
Pmin

B SF-B 04y

(22)

| Pmax

e -8 Vo
w+bﬁ—ﬁ*g3| _
fdz—ﬂ y 8/0 Pmin —

The third term in Eq. (22) describes the influence of the out-
going FM wave on the instability. Similarly the fourth term
describes the influence of the magnetosonic wave (in the case
if it is exited) propagating from the magnetopause into the
magnetosphere. It is seen that the denominator in the first,

velocity changes at the magnetopause and fthe.other paramge third and the fourth term in Eq. (22) tends to zero if
ters (temperature, plasma density, magnetic field) are con,, . kzx3 and pmin — kzx3 . But at the same time the

stant quantities, then due to the symmetry: >= 0.5Vj.

The integrals (19) in Eq. (18) can be calculated if we choose g ified

a specific distribution of the potential, and its derivative as

numerator also tends to zero. For the po:igitthis can be
if we substitute the solution (A14) obtained in the
Appendix into Eq. (22). For the lower boundary this can be

functions of the x-coordinate. For this purpose, we need togpnqwn similarly.

match the solutions in the vicinities of the particular points
with the solution in the geometric optics approximation valid
far away from these points.

To estimate< u% > we apply the geometric optics approx-
imation and calculate the input of the regior> x;. For
the case 2, < Vo < 2vg, assuming that the region> x;r
provides the main contribution, we find

www.nonlin-processes-geophys.net/18/209/2011/

In this paper, we shall discuss only the matching of so-
lutions at the upper boundary because we are interested in
the problem how the FM wave propagating into the magne-
tosheath influences the instability. If only the flow velocity is
changed across the magnetopause the input to Eq. (22) from
the lower (magnetospheric) boundary due to the symmetry
is similar as from the upper boundary. If other parameters
are also changed across the magnetopause, the input of the

Nonlin. Processes Geophys., 22120041



214 N. Borisov and M. Fnz: Excitation of low frequency oscillations

magnetospheric boundary should be taken into account in athe connection between two regions is very small only the
explicit form. It means that in a general case the K.-H. insta-instability at the inner boundary is connected with processes
bility at the magnetopause is influenced simultaneously byin the magnetosphere. At the same time, the instability at
both boundaries (the upper and the lower). the outer boundary can be the source of the LF waves in the
Let us assume now thafp > 2vs. Our aim is to investi- magnetosheath.

gate how the outgoing FM wave influences the growth rate of Let us introduce

the K.-H. instability. It is convenient to introduce two Mach 0 2dcp

numbers, the Alfénic oneMp = ? and the sonic Mach SIng = , where L, =

A \/Bksz

numberMg = ‘U/—g As the fluid velocityVy is supposed to
be supersonic, we shall assume thit > 1 andMs > 2.

In this section, we neglect the excitation of the kinetic
Alfv én wave (which is treated in Sect. 5). Also to simplify
our calculations, we assume that all parameters except the 5 32 m/2 5 s
flow velocity do not change across the magnetopause. Tak{1 = 2|Cs|“exp(P)p LS/U\/B(CO%) (sing)

ing into account Eq. (22) it is convenient to introduce the

following quantities exp[—Ls <¢ +singcosp - %)} 9.

Vo

In the case,d > 1 after substitution in Egs. (23) of the elec-
tric potentialAy found in the Appendix, we arrive at the ap-
proximate contribution of the main terms

N R B s L 2 p /2
PG e T Y S ) L )ﬁl/2<ﬂi1+1>“/1w(c°s¢)z
(e [ts(pesimeon 75|
I~ S S A A dp, exp| —L +singcosp — — | |do,
o~ [ <fd2_ﬁ|ap|+|y| ’ pl ~Ls( ¢+ sinocos — ) |
B+Df2—B 04y Is = 092C528  (cos=™ ) — isin( 2~ (25)
= _Z—Ay_|/0max (23) 3 3
fd_ﬁs ap

Here L is a dimensionless parameter= 2dk,/Ms. It fol-
5 vl omin lows from Eqgs. (25) that in the limiting caged > 1 there
J&—Bs dp are only two main parameteys and L that determine the

Neglecting the excitation of the FM wave, we find, with the threshold of instability (if the flow velocity is parallel to the

help of Eq. (23), the condition for the K.-H. instability takes Magnetic field). For finite values df, § andk.d the contri-
the form bution of different terms can be evaluated numerically. Note,

that for estimates we have only used the one exponer® exp
I1—I— ngLU|C0|2 -0 (24) in Eq. @5). This is correct if the attenuation is high enough
3 P > 1. For small values of., two exponents (increasing and

This condition means that the instability appears if the flow decreasing) should be retained in EBB)( That is why our
velocity exceeds the critical value. (The first tedmex- results forL <1 can be considered only as a rather crude
ceeds the contribution of the two other terms). The third termapproximation.
%kZLU|C0|2 in Eq. (24) corresponds to the input of the region  Assume that the threshold of the K.-H. instability is ex-
O<x < xf- ceeded even without taking into account the FM wave. Our

When the FM wave is excited, the terfg gives a finite aim is to find out how the grOWth rate is influenced by the
contribution to the growth rate of the instability. It can be €xcitation of the FM wave leaking into the magnetosheath.
verified that in the case where only the flow velocity changesWWe suppose that only the flow velocity changes across the
across the magnetopause the contribution of the real part©agnetopause. In this case the real partg@nd/4 at the
of the termslz and I, compensate each other. The imag- upper and the lower boundaries of integration compensate
inary parts give the same contributidm (73) to Eq. (22).  €ach other and the imaginary péri(/3) =Im(/s) gives the
But in the general case the contribution of the tefmand ~ contribution to the growth rate. The corresponding growth
14 10 Eq. (22) is different. For example, &g (x; —x;)>1  rateis given by the real part ¢, where
there |s.pract|cally no connection between the lower (magne- 1 /31— Ir— ilm(Is)) — 2L\ Y2
tospheric) and the upper parts of the magnetopause. In suc ~ — ( ) ,
a case, the ternfy almost does not influence the K.-H. in- Ms 3(I2+L)
stability excited at the upper part of the magnetopause. lin Fig. 1, the dimensionless growth rat8sG (L) (normal-
means that in general two different regios<x <x; and  ized toca/2d) for Ms=3, g = 3.5 are presented. The bro-
x, <x <x; can give rise to two K.-H. instabilities (at the ken line shows the growth rate calculated without taking into
outer boundary of the magnetopause and at the inner boundiccount the FM wave excitation. The continuous line shows
ary). For small-scale perturbatioi@(xir —x;)> 1 when the growth rate calculated from Eq. (26). One can see that

2_
oo BHVIE=B 04y

(26)
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G wave) is of a potential typ#& ;, = —V¢. To discuss the in-
0. 4} teraction of magnetosonic and Affa waves in the general
case, three components of the wave veadtgri{,, k;) should
be taken into account. As a result a differential equation
0.3 that describes two types of resonances (Aific and mag-
netosonic) is obtained (see, €l@groyan and Erelyi, 2002.
In our case Ky = 0) the Alfvén resonance disappears. But
still the excitation of Alf\en waves is possible. This problem
is discussed as follows.
0.1y ~ N In the 2-D case the Alfen wave has a transverg com-
\ ponent while the magnetosonic waves have onlfatrans-
‘ ‘ ‘ ! ‘ ‘ L verse electric field component. According@hsawa et al.
0.25 0.5 0.75 1 1.25 1.5 1.75 (1976 and Mikhailovskii and Onishchenk@1995 the dis-

. ' N ) persion relation for KA waves in the geometric optics ap-
Fig. 1. The growth rateG of the K.-H. instability (normalized to proximation takes the form
cp/2d) for the the sonic Mach numbeW s =3, plasma pressure
B =35 is presented as a function .of the.(.:hmen.slon.less parameteyf,2 _ kEC,i [1+k§p§ﬁ], (28)
L =2dk;/Ms. The growth rate of instability taking into account
the excitation of the FM wave propagating into the magnetosheath igyhere
given by a continuous line. The growth rate of instability neglecting T
- ; ; i rpe
the excitation of the FM wave is presented by a broken line. pgﬁ _ 0.75)05“ —i—pf, o = i _"oc

y P
Mopi” " ca

o o pHi is the Larmor radius of iong;p is the Debye radius.
the excitation of the FM wave propagating into the magne-Thjs equation can be obtained either in kinetics (Sbsawa
tosheath raises very strongly the growth rate of the K.-H.q¢ al, 1976 or in two-fluid magnetohydrodynamics taking
instability due to the negative energy of the FM wave (Se€jnig account the tensor of collisionless viscosity) (see
Sect. 6). Mikhailovskii and Onishchenkd 995.

We can estimate the perturbed longitudinal magnetic field  The aim of this section is to obtain a differential equation
b of the excited FM wave in the magnetosheath x3 with  gescribing the excitation of the KA wave in the inhomoge-
respect to the field of the SM wave at the point x; with  neous plasma in which the interaction with the magnetosonic
the help of the results obtained above: waves is taken into account.

In the case of a moving plasma, the dispersion relation for
by (x) ~ exp(—0.5P)by (x;) (27)  the KA wave is easily obtained from Eq. (28)

Note, that due to the excitation of the K.-H. instability all ,2_ ;2.2 [l+k§p§ﬁ] (29)
perturbations in the linear approximation grow exponentially
in time. It is clear from Eq. (29) that the KA wave exists for the
frequenciedwg| > kzca. In contrast to the ordinary Aln
wave the kinetic one has a component of the group veloc-
5 Excitation of the kinetic Alfv én wave ity across the magnetic field (due to the tehﬁf)ogﬁ). t
means that the KA wave, if generated at the magnetopause,
The idea that kinetic Alfén (KA) waves are generated due to can propagate into the magnetosheath even if the background
the linear transformation of the magnetosonic waves whichmagnetic field is parallel to the flow velocity.
in turn appear as a result of the excitation of the K.-H. insta- We start with the x-component of the Maxwell equation
bility was introduced many years agOlfsawa et a].1976. for the electric field. On the right-hand side of this equation
Ohsawa et al(1979 have derived an equation describing the electric current generating this field should be expressed
the KA wave in a low-beta <« 1) plasma. For high-beta in an explicit form:
plasma(g > 1) the corresponding equation was obtained by
Mikhailovskii and Onishchenk@1995. Unfortunately, in —(V.E)— AEy=—
Ohsawa et al(1976 and Mikhailovskii and Onishchenko dx
(1999 the transverse electric field (with respect to the back-As the electric current No(v; x» — v.x) in the magnetized
ground magnetic fieldBg) was expressed aE | = —V¢, plasma depends not only afy, but also on theEy com-
whereg is the electric potential. In this approximation, the ponent of the electric field, the link between the two types of
interaction between KA and magnetosonic waves can not bevaves (Alien and magnetosonic) appears. We suppose that
taken into account appropriately. Indeed only the transversén the region where the interaction of the Adfivand the mag-
electric field of the Alfien wave (and not of the magnetosonic netosonic waves takes place the variations of the dengity

Ariwg
o2

eNO(Ui,x - Ue,x) (30)
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216 N. Borisov and M. Fnz: Excitation of low frequency oscillations

the temperature®;, Te and the magnetic fiel# along the  propagating into the magnetosheath fos x; and the ex-
x-axis are much weaker than the dependence of the fluid veponentially decreasing wave in the regior< x5 . To find
locity vp(x) on the x-coordinate. In this approximation, after the amplitude of the excited Alén wave, we need to intro-
some transformations in the vicinity of the Aéim resonance duce the Green function for Eq. (36) that corresponds to the

regionw3 ~ k2c, we arrive at the equation outgoing wave for > 0 and the attenuated wave for 0
kZ g @Jr w—fzj—kz Ex=Q(x,t) Bl) G@E>0= Loy (232 (37)
7 Peff 952 C/ZA z | Ex= LW, 1), = A 13\ 3
1 2
whereQ(x,1) is the source for the KA wave G(r<0 = Z(—fl/z) [—11/3 (—:—313/2>
3 2
()
Q(x,1)~ —i— 9 Ey (32) +1_1/3 (—érs/ 2)]
CAWHI
In this source, we have neglected terms on the ordefef; ~ Here H,’} is the Hankel function of the order/3, I3 is

which are assumed to be small enough. Note, that the source modified Bessel function of the same ord&ris a Wron-
Q(x,t) grows with time due to the K.-H. instability. In skian. With the help of the Green function (37), we express
the linear approximation, the growth is described byjexp  the solution of the inhomogeneous Eq. (31) in the form
wherey is the growth rate of the K.-H. instability. It follows
from Egs. (31), (32) that the coupling between KA and mag- d?/3
netosonic waves has the order of magnitudé. In the Ex(t)=—3~ 2/3fQ(T1)G(T —t)dn (38)

. ) ) Hi My "k peis
present paper, this parameter is considered as s;jﬁ?l« 1.

Nevertheless assuming that the surface waves are intensivgys equation allows us to estimate the amplitude of the KA
enough due to the K.-H. instability, the excited KA wave can yave due to the transformation of the slow magnetosonic os-
also acquire significant amplitude. cillations in the inhomogeneous plasma. Such an estimate is

In the vicinity of the interaction region, the frequeney  easily obtained with the help of Egs. (37)—(38)
can be expressed as

E kzepd?®
B 1,, X A (39)
w = kzvp(x) —kzca <1+ Ekxpeﬁ> (33) Ey(xzr) 1‘4;/3[)5'{3&"4i

This frequency is a constant quantity. As the flow velocity o0 £
increases towards the magnetosheath, the correspokgding =+

. . . . . X —x2 .
number should also increase in this direction. Note that the
excited KA wave has a negative frequency in the reference
frame moving with the plasma. Its group velocity along the
X-axis is

y(x)) is the amplitude of the SM wave at the point

6 Propagation of the FM waves in a weakly
inhomogeneous magnetosheath
Vi ~ —kzcakxpZyy (34)
While discussing the K.-H. instability, it is often assumed
This means that the x-component of the group velocity isthat the background plasma is inhomogeneous only in one
directed into the magnetosheath only for negative values ofjirection (along the x-axis) and the medium along two other

kx. axes is homogeneous. In reality this is not the case. Pa-
Itis convenient to introduce a new dimensionless variablerameters of the medium (magnetic field, plasma density and
1/3 + temperature are changing not only across the magnetosheath,
T(x) = M (35) but also rather weakly along it (towards the tail). To take into
(CApgﬁd)l/ 3 account such changes is important because it allows us to

find out in what parts of the magnetopause the K.-H. insta-
aBility can be excited (see, e.flakagi et al.2006 and where
the generated waves can be detected. The aim of this sec-
92Ey (cad)?/® tion is to derive equations in the geometric optics approxi-
5.2 TTEx= Z(Voper 23 (36)  mation which describe the propagation of the FM waves in a
z weakly inhomogeneous magnetosheath. We shall investigate
Equation (36) has an oscillating solution for- 0 and ex-  the propagation of the wave packet outside the region of ex-
ponential (decreasing or increasing) solutions in the regiorcitation. The collisionless attenuation is assumed to be small
T < 0. We are interested in a solution that describes the wavenough.

As aresult, Eq. (31) can be expressed in the form of an equ
tion for the Airy function
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According to Eq. (12) the dispersion relation for the FM  We see from the first Eq. (45) that the excited FM wave
wave near the region of its generatiagy ~ —kzvs in a in the motionless frame is involved in two types of motion:

plasma withg > 1 can be expressed in the form It is convected along the z-axis with the flow velocigy(x)
) 3 and at the same time it moves in the opposite direction with
» =ky(vp—vs) — k_x Vs (40) the velocity which is close to the sound spegdneglecting

small correctionsc k2/k2). So, the resulting speed along the
z-axis is smaller than the flow speegl Simultaneously, the

With the help of Eq. (40), it becomes clear that in the geomet- o packet moves along the x-axis with a group velocity

ric o_pti(_:s approximation all perturbations change in Spacegiven by the second Eq. (45). The wave propagates into the

and in time according to magnetosheath if the correspondikgnumber is negative
23 kx < 0 and the relation (43) is satisfied.

ocexp[ikz(vp—vs)t—i ) It is known that the wave energ§ in a moving plasma

X
e t
2kz v2 — 2 : .
STEA depends on the reference frame (sedMcienzig 1970:

i [benan i [ kzdzl} “4)  p_p (46)

wd

zkz U% —_ Ci

It foI.Iows .from Eqg. (41) that in the system of coordinate_s where E and Eq are the energies in the stationary (magne-
moving with the plasma, the excited FM wave has negativeiospheric) and moving with plasma reference frames. The
frequency while in the motionless reference frame it has POSenergy of the FM waveEq and the frequency are positive
itive frequency. This frequency given by Eq. (40) should ypije the frequencynq is negative. This means that the en-

be constant in the magnetospheric system of coordinates. ErgyE in the stationary frame is negative. The x-component
means that the propagation of the FM wave packet into they ihe Poynting flu®

magnetosheath is possible if the difference of the velocities

vp — vs IS positive along the trajectory of the wave packet. P= Evg 47)

Note that in the case if the main plasma parameters change ) o

in both directions (along the x-axis and the z-axis), the k-for the outgoing wavé/gx > 0 is directed from the magne-
numbersky, k) also change in space. To find the wave num- toshgath to the magnetopause. Du_e to this the FM wave prop-
bers in the inhomogeneous plasma, we introduce the ghase 292ting into the magnetosheath raises the energy (the growth

along the trajectory in such a way that rate) of the K.H. instability.
A similar situation takes place for the KA wave propagat-

ky = as ky= as (42) ing into the magnetosheath. As the energy of the KA wave
0x’ 0z in the frame moving with the plasma is positive, its energy
The phases is determined by following equation (compare in the stationary (magnetospheric) frame for large flow ve-
with Eq. 40): locities is negative. The x-component of the Poynting vec-
tor is directed towards the magnetopause while the wave
) 35\ vd(n) 95\ 2 35\2 propagates into the magnetosheath. In this case, the excited
vs(r) % —(vg(r)—cﬁ(r)) ax) = “’_”PB_Z » (43) KA wave propagating into the magnetosheath increases the

growth rate of instability in the same manner as the FM wave.
while the trajectory of the wave packet starting at the initial This problem will be discussed in a separate paper.
pointxy, zo is given by

dz _ dx (44) 7 Discussion and conclusions
Voz  Vox' - .

~ Low frequency oscillations are commonly detected in the
whereVy ; and Vg x are the components of the group veloci- garih's magnetosheath. Usually it is argued that they can

ties be generated near the bow shock or at the magnetopause.
Jw 2 2 Several different mechanisms of generation of such oscilla-
Vgz = T = U Us <1+§"22—82) tions are discussed in the literature. In the case of a quasi-
z zVUs—Ca parallel bow shock, rather strong oscillations convected from
dw kx vg the solar wind are observed in the magnetoshekith €t
Vox = Py Z_EW (45) al, 1991 Omidi et al, 1994). At the same time it was
S A confirmed byFreeman and Southwodd988 that the bow

If we know how the velocitiess(r), vp(r) andea(r) depend  shock is transparent only for very low frequency perturba-
on coordinates, the system of Egs. (42)—(45) can be solvetdons <10 mHz. For quasi-perpendicular shocks a signifi-
numerically. Such a solution allows us to find how the ex- cant temperature anisotroffy > 7j is predicted at the bow
cited wave propagates in the magnetosheath. shock Omidi et al, 1994 Krauss-Varban et gl1994). This
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anisotropy according to the theoretical investigations causeaxis than the magnetic potentia),, we may differentiate in

the excitation of the mirror mode and the Adfw ion cy-  Eq. (9) onlyAy. As a result, we find that ifwg| exceeds

clotron (AIC) waves KlcKean et al. 1992. Being gener- the local valuek,vs along the trajectory, the perturbations

ated at the bow shock, such waves are convected by the s@f plasma and the longitudinal magnetic figlg=0Ay/dx

lar wind flow into the inner part of the magnetosheath. Butare in phase. But if the background plasma density or the

the magnetopause is also the source of LF waves. Due to thmagnetic field also vary rather quickly with a finite phase

shear flow, the K.-H. instability can be excited which leads to shift between the perturbations of plasma and the longitudi-

magnetosonic perturbations. In addition, at the dayside magnal magnetic field appears. So, in real situations these two

netopause a temperature anisotr@py> 7j is expected due types of perturbations should not be exactly in phase. The

to the magnetic field drapind\fderson and Fuseliet993. FM waves in highg plasma are strongly attenuated due to

This can also result in the excitation of the mirror mode andresonance absorption by ions while propagating along the

AIC waves. It should be mentioned that the SM waves arebackground magnetic field. At the same time the attenu-

often detected in the magnetosheath. At the same time, theration of these waves propagating at rather large angles to

are only a few observations of FM waves being present at thehe magnetic field is small enough. This means that these

magnetopause and in the magnetoshedtyy et al, 2004 waves probably could be detected in the inner part of the

Song et al. 1994. One reason for this may be that these magnetosheath. The detection of the FM waves in the mag-

waves occur mainly in the higher frequency range of the LFnetosheath in higf supersonic flow of plasma could be con-

spectrum, which is not so well investigated. sidered as an important confirmation of the excitation of the
Somewhat similar LF oscillations are observed in the mag-K.-H. instability near the magnetopause.

netosheath of Mars and Venug/ifiningham et al. 2005

Gunell et al, 2008 Espley et al.2005 Wolff et al., 198Q )

Biernat et al, 1993 Voros et al, 2008 Nagy et al, 2004, ~ APPendix A

But the identification of such waves is a rather complicated

task due to the lack of detailed information. For example,particular pointx; can be obtained analytically. Taking into

there is no possibility to receive data from two satellites si- . L ) RN
multaneously, like for ISEE 1 and 2, or Cluster to detect theiccgunt that in the vicinity of this poiby ~ —kzca (vB +

The required solution of Eq. (11) in the vicinity of the third

direction of the waves propagation, their phase speed and soz,>) We receive the following approximate equation
on. Even the polarization of waves in the magnetosheath of 1 04y
9y

Mars and Venus is not investigated in detail. That is why — Ay =0, (A1)
the theoretical analysis that could provide additional infor- 08 (£ —&3) 0%
mation for comparison with the experimental data is rather, _x—xj
important. whereg —&3 =~ and
A mechanism of LF wave excitation in the planetary mag- , B-1 8k§d2c,§
netosheath associated with the K.-H. instability was sug’™~ g3z — 2~ (A2)

2
gested in our paper. We argued that in a hgmagne- Yo
tosheath plasma with the flow velocity significantly exceed- If we introduce a new variable/! = (¢ — £3)%2, Eq. (A1)
ing the sound speed the K.-H. instability causes several typegakes the form
of perturbations simultaneously. First, the SM structure lo- 924 1 94, 4
) . : : y y
calized in the region of generation should appear. It take:s—2 ———2+_Ay=
the form of the perturbation attenuated towards the magne-27~ 37 91~ 9
tosheath and moving with the averaged flow velocity in theThis equation has an exact solution in terms of cylindric
direction of the tail. According to our analysis, this SM mode functions Kamke 1959.
excites the KA wave in the region where the Doppler-shifted
frequency of perturbation becomes equal to the @&dfire- Ay = n2/322/3<—n)
quency. The latter propagates into the magnetosheath at a 3

small angle with respect to the non-disturbed magnetic fie|dwherezz/3(§n) is a cylindric function of the order/3. We
Another type of oscillation, namely FM waves, could also are interested in a solution that corresponds to the propa-
be detected in a supersonic magnetosheath flow due to thgating wave at; > 0. This solution can be expressed by a

excitation of the K.-H. instability. The FM waves, in gen- combination of Hankel functions. Explicitly our solution for
eral, have a right-handed polarization. In contrast to the SM; ~ x5 in general takes the form

waves, plasma perturbations associated with the FM waves in )

the gepmetnc optics a'pprQX|mat|on are in phase W|th.the.: per-Ay — (£ —&3) [Cst(/lé (—Z(E _ 53)3/2>

turbations of the longitudinal component of magnetic field, 3

see Eg. (9). Indeed, if the background plasma density and @ (2 32

the magnetic field change much more slowly along the x- +CﬁHZ/S 51(5_53) (AS)

(A3)

(A4)
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Here Cs and Cg are constant quantities that are determinedTo find an approximate solution in the regimg‘i <x< x;,

by matching solutions at the boundary between the magwe slightly simplify Eq. (1) assumingB > 1. This new

netosheath and the magnetopause. Two terms in the s@quation we express in the form which is convenient to find

lution (A5) correspond to the waves propagating into the a solution in the geometric optics approximation
magnetosheath and from the magnetosheath into the mag- k2 94 2

netopause. Note that despite the resonancg ats in -y z
Eq. (A1), the solution of this equation is a regular function of dx w3 — ﬂkz 2 9x 1+

Ay=0 (A11)

§ in the vicinity of§ = &3. o _Letus introduce a new functiof; in such a way that
Now we need to discuss the dlstrlbutlon of the potential

in two regionsx > x3 andx; < x < x; in more detail. We w2 12

are interested in the case when the FM wave excited at thely = ( 2.2 ) Ay (A12)

point wherewq = —k,vs takes the form of the wave propa- B

gating into the magnetosheath. Such a wave near this point iafter some calculations, we find a solution of E41(l) that
described by the Hankel function of the first type, see solu-corresponds to the outgoing wave fot- x;:
tion (A5). This Hankel function can be expressed as a com-

bination of Bessel functions e ( wl )1/4
1 27 y = 23\ gr2.2

Hypy(8) = —5— [1_2/3@) - 12/3(E)eXp(—i—>} (A6) BIk3ch

isin(%) 3 N 5

: | o b4

Taking into account that the Bessel function for small values exp[z <kz . ﬁkzd > —ldx— Z)} (A13)
of its argument is X3 z€A

E\Y 1 £2 In the vicinity of x =x§r solution A13) takes the form

v = A7

&)= < ) Fv+1) 4r(w+2) (A7) 1/4

Ay = Ca3—5 (6 —E3)"*

we are in a position to match the solutions in the regions Y p/8

x > x5 andx <xj. The required solution describing the 232, L, 32
outgoing wave for small positive values of argument follows exp| 3 ﬂl/4 T (E—&3)%°—i 2

from Eqgs. A6), (A7)

: , 1\ 23
ty= O [@ %) r<1/3>< )

exp(—i2/3) [ 1\?3
"3 (3 (A8)  Note that different phase factors exg77/12) and
exp(—in /4) appear in EqsA10) and A15) because the ge-

(A14)

Comparing two solutions (A8) and (A14), we find that

,2%8
Cs = C3(kzL,)Y? ﬂ1/4exp( iZ (A15)

After the substitution of the solutiorA) into Eq. @2), we  ometric optics approximation does not give a correct phase

find the input of the third term in case of the outgoing FM factor. The solution in the regiomgL <x< x; that corre-

wave sponds to the solutiorA(L3) in the regionx > x3 is the fol-
B+Dfz—p *aAy| lowing:
fdz_ﬂ y 3,0 Pmax a)g 1/4
3/2 Ay =C3|1—
(-%) w9 ( PR )
. (x) (%)
The solution obtained above is valid in the vicinity of the [—lexp( > )+0 Sex p(—Tﬂ, (A16)

pointx = xgr. But to find the integrals in Eq2@) an approx-
imate solution in the whole regiary <x < xj3 is required. where

This solution should coincide with the exact solution found VB xf w2
above in the vicinity of the point = x; . The solution corre- P (x) = 2kz—/ 1——2dx
VB+1Js ,BkgcA

sponding to the outgoing wave valid for-£3 > 1=%/3 in an

explicit form is the following: Parameter
1/8 + 2
Ao~ ol g ld__ BT VB [ g
y C5($ %-3) 21/8(kzLu)l/2 P = P(Xék) = 2kzﬁ - 1- /3](226% dx
232 ky L, 30 Im i
) eN32 I T 1 ca2dk
exp[z (—3 g ¢ =897 - 15 (A10) ~ 2B - 77 : (AL7)
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