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Abstract—Kelvin—Helmholtz MHD instability in a plane three-layer plasma is investigated. A general dis-
persion relation for the case of arbitrarily orientated magnetic fields and flow velocities in the layers is derived,
and its solutions for a bounded plasma flow in a longitudinal magnetic field are studied numerically. Analysis
of Kelvin—Helmholtz instability for different ion acoustic velocities shows that perturbations with wave-
lengths on the order of or longer than the flow thickness can grow in an arbitrary direction even at a zero tem-
perature. Oscillations excited at small angles with respect to the magnetic field exist in a limited range of
wavenumbers even without allowance for the finite width of the transition region between the flow and the
ambient plasma. It is shown that, in a low-temperature plasma, solutions resulting in kink-like deformations
of the plasma flow grow at a higher rate than those resulting in quasi-symmetric (sausage-like) deformations.
The transverse structure of oscillatory—damped eigenmodes in a low-temperature plasma is analyzed. The
results obtained are used to explain mechanisms for the excitation of ultra-low-frequency long-wavelength
oscillations propagating along the magnetic field in the plasma sheet boundary layer of the Earth’s magneto-

tail penetrated by fast plasma flows.
DOI: 10.1134/S1063780X10111029

1. INTRODUCTION

Experimental data obtained using spacecrafts have
shown that there are domains in the Earth’s magneto-
sphere in which plasma flows are accompanied by
low-frequency electromagnetic oscillations. Examples
of such domains are the inner boundary of the transi-
tion region between the magnetosphere and the sepa-
rated shock wave [1, 2], the central plasma sheet, the
flank boundaries of the magnetotail, and the boundary
region of the magnetotail plasma sheet [3—5]. Analysis
of the experimental data presented in those papers
indicates that Kelvin—Helmholtz instability (KHI)
can play a decisive role in the generation of the
observed electromagnetic oscillations.

KHI is one of the strongest hydrodynamic instabil-
ities, and there are a large number of studies devoted to
its analysis (see [6]). However, in most papers, stability
of a plane interface between two unbounded plasmas
propagating with respect to one another has been con-
sidered. Actually, plasma flows are always bounded in
the transverse (with respect to the flow) direction and
the ambient plasma can be inhomogeneous. Obvi-
ously, in order to investigate generation of oscillations
with wavelengths substantially exceeding the trans-
verse size of the flow, it is necessary to consider KHI in
a system with several boundaries. The simplest model
of such a system is a plane three-layer plasma in which
one of the layers has a finite transverse size (see Fig. 1).
KHI in a plane three-layer geometry was analyzed in

[7] for an incompressible plasma with the same
parameters on both sides of the flow. In [8], KHI in a
three-layer compressible plasma system with longitu-
dinal magnetic fields was studied numerically for some
particular cases; however, for the parameter values
used in that paper, the flow velocity was lower than the
doubled ion-acoustic velocity. The choice of such
parameters agrees with the results of the analysis of a

Fig. 1. Geometry of the model.



conventional problem in which two plasmas propagat-
ing with respect to one another along a magnetic field
or at a relatively small angle to it are unstable only for
the acoustic Mach number lower than 2. In this case,
the flow velocity should be at least two times higher
than the Alfvén velocity [9]. Thus, in a two-plasma
system in a longitudinal magnetic field, the generation
of waves with wave vectors directed along the magnetic
field is possible only if the ion acoustic velocity is
higher than the Alfvén velocity. This condition is,
however, not satisfied in the plasma sheet boundary
layer of the Earth’s magnetotail, separating the cold
rarefied lobe plasma from the hotter and denser
plasma of the plasma sheet. However, analysis of the
experimental data shows that it is in this region that
long-wavelength oscillations of the magnetic field [5,
10] are detected simultaneously with fast (2000—
3000 km/s) plasma flows propagating along the mag-
netic field.

The observed oscillations propagate mainly along
the magnetic field with a velocity on the order of the
local Alfvén velocity. The oscillation frequencies are in
the range of 0.004—0.02 Hz; i.e., they are much lower
than the ion cyclotron frequency. Typical oscillation
wavelengths are in the range of 5—20 Earth’s radii, and
the typical size of the plasma sheet boundary layer in
which fast plasma flows are observed is on the order of
the Earth’s radius in the North—South direction (the
zaxis in Fig. 1). The flow length in the dawn—dusk
direction (the y axis in Fig. 1) is not determined pre-
cisely. According to estimates, it can be on the order of
the flow size along the z axis or longer. Assuming that
the flow length along the y axis is much larger than that
along the z axis, the possibility of excitation of oscilla-
tions with wave vectors directed along the magnetic
field for an arbitrary ratio between the Alfvén and ion
acoustic velocities in a plane three-layer plasma sys-
tem due to the onset of KHI was considered in [11]. Tt
was shown that, in such a system, longitudinal oscilla-
tions can develop even if the ion acoustic velocity is
much lower than the Alfvén velocity. Thus, in order to
adequately describe the generation of long-wavelength
oscillations in a low-temperature plasma, it is neces-
sary to take into account the finite size of the propa-
gating plasma flow.

In this paper, we continue our previous study of
KHI in plane three-layer geometry [11]. Here, we
consider stability of the plasma flow against the excita-
tion of long-wavelength oscillations with arbitrarily
directed wave vectors under the conditions typical of
the plasma sheet boundary layer of the Earth’s magne-
totail, in which magnetic fields in all domains are
directed along the plasma flow propagating in the
bounded layer. The structure of the oscillation eigen-
modes and the deformation of the flow boundaries due
to the onset of KHI are analyzed.

Taking into account that the model developed here
can be used to describe generation of low-frequency
oscillations in other domains of the Earth’s magneto-
sphere, e.g., in the magnetotail flanks, where plasma
flows propagate in crossed magnetic fields, a general
dispersion relation is derived for the case of arbitrarily
oriented magnetic fields and flow velocities.

2. FORMULATION OF THE PROBLEM
AND BASIC EQUATIONS

We consider stability of a plasma flow in a three-
layer system schematically shown in Fig. 1. The system
is divided into three domains along the z axis: z > a,
a> 7> —a, and z < —a. Within each domain, plasma is
homogeneous, but the plasma parameters may be dif-
ferent in different domains. We denote the unper-
turbed flow velocities and magnetic fields in the
domains by Uy; and B(; (j =1, f,2), where the indices
1, f, and 2 refer to the domains z> a, a > 7 > —a, and
z< —a, respectively. The equilibrium flow velocities
and magnetic fields in all three domains are parallel to
the (x, y) plane. It is assumed that the plasma flow
velocity in the bounded layer (a > z > —a) is directed
along the x axis. Denoting the angles between the x

axis and the vectors B(; and U, by C; and ¢, respec-
tively (with ¢, = 0), we represent the vectors B, and
Uy as

By, = (301COSC1, B()lSianO),

By, = (302 c0s Gy, By, sin G, O),

BOf = (BOf CcoS C.Jf’ Bof Sll’l C.!f’ 0) 5

Uy = (Um cos @, U sin @y, O),

Uy = (Uoz cos 9, U, 8in@,,0),

UOf = (UOf’O’O)

Stability of the system against perturbations with
wavelengths much longer than the width of the transi-
tion zone between the layers will be analyzed in the
ideal MHD model. The linearized system of equations

for small-amplitude oscillations developing near the
equilibrium state in each domain is as follows:

ov;
Po; (G_tj + (Uof 'V)ij
) (BA.bA) (B,.v)bA (M
:—V(csfjwt o ’j+ o ’,
4rt 4r
EJF(UOj'V)b/=(BOj'V)Vj—B01(V‘Vj)a )
op; -
B = V-v=(Uy, - V). (3)
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Here, p; is the unperturbed plasma mass density in
domain j; c¢; = (yT,/ M)l/ ? is the ion acoustic velocity
(with 7,, M, and y being the electron temperature, ion
mass, and adiabatic exponent, respectively); and b,
v;, and p; are small deviations of the magnetic field,
velocity, and density from their equilibrium values B,

Uy, and py;, respectively, in each of the domainsj = I,
f, and 2. The solution to set of equations (1)—(3) is
sought for in the form of plane waves,

Fx)expli(-01 + kx + k,y)], 4)

where the components of the wave vector k, and k, are
the same in all three domains. The complex amplitude
F(z) is represented as

F(z) = Ciexp [_kl(z - a)],
F(z) = C, exp[kz(z + a)]a (5)
where C,, C,, C;, and C, are constants. From Egs. (1)—

(3), we find the wavenumbers k; (j =1, f,2) for each
domain,

(cos®—w)"

kf=k*|1-

klz’z :k2 1—

(cos0 — )’ (cszf + ij)/Ugf —Vycrcos’(0-C,)/Uss |

(u,c08(0—9p,)— o)

(6)

4

Here, © = ®/kUy, (where k = \Jk; + k, and Uy, is the
flow velocity in the bounded layer a > z > —a) is the
dimensionless frequency, 0 is the angle between the
wave vector and the x axis, and V;; is the Alfvén veloc-
ity in domain /.

In deriving the dispersion relation describing sta-
bility of the three-layer system under study, it is
assumed that both the total (gas-kinetic plus mag-
netic) pressure and the plasma shift in the z direction
are continuous at the interfaces z = a and z = —a. The
dispersion relation for solutions vanishing at 7 — +o
has the form

(k;R R, + kkyR))tanh(2k sa) + k , R (ko Ry + Ky Ry) = 0,
(7)

where k, , , are defined by Eqgs. (6) and the following
dimensionless functions are introduced:

R, = py(,c08(0 — ¢,) — )’ — A cos’ (0 -C)),
R, = p,(,c08(0 — 9,) — ) — Aycos” (0 - C,),
R, =(cos®—w)’ — A, cos* (0 -C,),

2
A _Vy _V_jlﬂ A _V_fé& ®)
f 2 1= 2 s 2= 2 s
Uy Uqs Pos Uy Pos
Vo, _Un
UOf UO/
Pi 2&5 P2 Z&'
Poy Poy

In the limit k,a — 0, Eq. (7) transforms into the
dispersion relation for a system consisting of two plas-

(Ul,z Ccos (9 - (Pl,z) - 03)2 (‘3521,2 + le,z) /Uo2f - VAZLZCSZI,Z cos’ (9 - Ql,z) /Ugf .

mas separated by a plane interface [9]. For the case
0=9;=_; =0, Eq. (7) coincides with the dispersion
relation derived in [11]. Equation (7) is the general
dispersion relation for the case of arbitrarily oriented
magnetic fields and flow velocities in all domains. In
this paper, we restrict ourselves to considering stability
of a plasma flow propagating with a velocity U, in the
bounded domain —a < z < a, assuming that the ambi-
ent plasma at z > a and z < —a is at rest. The magnetic
fields in all three domains are directed along the x axis.
Such a model adequately describes specific features of
fast plasma flows propagating in the plasma sheet
boundary layer of the Earth’s magnetotail.

3. STABILITY OF A COMPRESSIBLE PLASMA
FLOW PROPAGATING IN THE BOUNDED
DOMAIN a >z > —a

3.1. Ambient Plasma Is Symmetric with Respect
to the Flow

When the plasma parameters are the same on both

sides of the flow (R, = R, and k, = k,), general disper-
sion relation (7) is factorized,

(k/R, + kR tanh (k,a))(k,R, + k;Ritanh (k ,a)) = 0(9)
Dispersion relation (9) has two types of solutions:
symmetric (sausage-like) solutions, for which
kiR, + k,;Ritanh (ka) = 0, and antisymmetric (kink-
like) ones, for which k.R, + kR tanh (k,a) = 0. It is
well known that, at the interface between two semi-
infinite plasmas propagating with respect to one
another, wave perturbations vanishing at 7 — oo and
propagating at small angles to the flow velocity can
grow only if the ion acoustic velocity is sufficiently
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Fig. 2. Growth rates of (a) antisymmetric and (b) symmet-
ric solutions to Eq. (9), normalized to U Of/ a, as functions

ofthe angle 0 for ka = 1.0 and different ion acoustic veloc-
ities. The plasma parameters are the same in all three

domains, and V4/ U = 0.316. The ratios of the squared

ion acoustic velocity to the squared flow velocity are indi-
cated in the figures. The dashed line shows the growth rate
as a function of the angle 0 for the case of two semi-infinite
plasmas with ¢, = 0.

high, ¢,> U,/2 >V, (see [9] and references therein). It
follows from Eq. (9) that longitudinal perturbations
(6 = 0) with wavelengths much shorter than the flow
width (ka > 1) can grow in a three-layer system only if
¢, > V,. However, as was shown in [11], longitudinal
perturbations with wavelengths on the order of or
longer than the flow width can grow in such a system
due to the onset of KHI even for ¢, — 0.

Let us consider how the finite value of the ion
acoustic velocity affects the dependence of the insta-

bility growth rate on the angle 0 between the wave vec-
tor and the x axis. Figure 2 shows the results of numer-
ical calculations of the perturbation growth rate for
ka = 1.0 for the case in which the densities, tempera-
tures, and magnetic fields are the same in all three

domains, p, =p, =p=1.0, and ij/U(ff = VAZI/Uozf =

VAZZ/ Ugf =0.1. The calculations were performed for
different values of the ratio between the ion acoustic
velocity and the flow velocity for both antisymmetric
(Fig. 2a) and symmetric (Fig. 2b) solutions to disper-
sion relation (9).

It can be seen from Fig. 2 that the instability growth
rate decreases with decreasing ion acoustic velocity,
but remains positive even at ¢, — 0 for both the sym-
metric and antisymmetric modes. However, for
¢, < U,/2, the growth rate of the antisymmetric mode
is substantially higher and this mode is unstable at any
angle, including 6 = 0. For comparison, the dashed
line in Fig. 2 shows the dependence of the growth rate
on the angle 6 for the case of semi-infinite plasmas
separated by a plane interface (V,/ U, = 0.316, ¢,=0).
It can be seen that, in this case, waves propagating
along or at small angles to the flow velocity do not
grow. The growth rate of the symmetric mode at
¢, — 0 is almost zero within a certain angular interval
near 6 = 0 and smaller than that for the case of two
semi-infinite plasmas for other angles. Note that, in
the case of two semi-infinite plasmas, the symmetric
and antisymmetric modes coincide. Figure 3 shows
the growth rate of the antisymmetric mode, normal-
izedto U,/a, as a function of the dimensionless wave-
number ka for different values of the angle 6 between
the wave vector and the x axis. The plasma parameters
are the same as in Fig. 2, but the ratio of the squared
ion acoustic velocity to the squared flow velocity is

fixed, ¢;/Us =0.001. The dashed lines show the

dependences ya/U, on ka for the case of two semi-
infinite plasmas with the same parameters,

VAZ/UO2 =0.1 and cf/Ugf =0.001. It can be seen that,
for two low-temperature semi-infinite plasmas, gener-
ation of waves propagating at angles smaller than

0., =~ 45.5° is impossible. In the three-layer system
under study, waves propagating at any angle with
respect to the flow velocity can be generated. In this
case, in the range of angles forbidden for the case of
two semi-infinite plasmas, waves in the limited inter-
val of wavenumbers are generated even without allow-
ance for the finite width of the transition zone d
between the flow and the ambient plasma. The finite-
ness of the ka range in which waves are unstable is the
most pronounced for the case 6 = 0. It should be noted
that, unlike the case of two semi-infinite plasmas, in
which the instability domain begins from k = 0, wave
perturbations in a three-layer system become unstable

only starting from a certain value k_,, # 0. Obviously,

min
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Fig. 3. Growth rate of the antisymmetric mode, normal-
ized to Ugs/a, as a function of the dimensionless wave-
number ka for different angles 0. The plasma parameters
are the same in all three domains: V,/Uy = 0.316,

csz/Ugf =0.001. The dashed lines in plot (a) show solu-

tions for the case of two semi-infinite plasmas separated by
a plane interface.

for d < a, the growth rates of waves propagating along
or at small angles to the x axis, calculated with allow-
ance for the width of the transition zone, will insignif-
icantly differ from those calculated under the assump-
tiond = 0.

For angles 0 larger than 6., the growth rate
depends almost linearly on the wavenumber. In this
case, the larger 0, the less the dependence y(ka) devi-
ates from linear, coinciding for short-wavelength
oscillations with the solution for the case of two semi-
infinite plasmas. However, in the limit ka — 0, the
three-layer system remains stable for any propagation
angle, unlike the case of two semi-infinite plasmas, for
which the instability growth rate increases linearly
with wavenumber starting from ka = 0. The linear
increase in the growth rate in the short-wavelength
range is a well-known problem: it is related with ignor-
ing the width of the transition layer between the
domains with different plasma velocities. In [9], it was

Ya/UOf

0.14

0.07 : 300
0: 270

0.07 : 240

0.14 :

Fig. 4. Normalized growth rate as a function of the angle 6
for ka = 1.0 and different ratios between the plasma densi-

ties in domain 1 and the flow, p; = pg1/pgr. The plasma

parameters and the magnetic field in domain 2 are the
same as in the flow.

shown for the case of two semi-infinite plasmas that,
when the transition layer is taken into account, the
range of wavenumbers in which waves are unstable is
finite. In this case, waves with kd = 0.5 (where d is the
width of the transition layer) grow at the highest rate.
It should be remembered that here we assume that
a > d and consider generation of waves with suffi-
ciently long wavelength (kd < 1).

3.2. Ambient Plasma Is Asymmetric
with Respect to the Flow

When the plasma parameters and/or absolute val-
ues of the magnetic fields on both sides of the flow are
different, one should solve general dispersion rela-
tion (7). Let us consider several typical cases.

3.2.1. Let us examine solutions to dispersion rela-
tion (7) in the case in which the plasma density, Alfvén
velocity, and ion acoustic velocity in domain 2 are

equal to those in the plasma flow (V,ff/ U, gf

Vi/Usy =0.1 and c;/Ugy = ch/Ugy =0.01). We
assume that, in domain 1, the plasma is colder
(cszl/ Uozf =(0.001) and the magnetic field is determined
from the condition that the sum of the gas-kinetic and

magnetic pressures in the flow is equal to that in
domain 1,

2 2 2
V_jl _Q_Q[Cm P _C.S‘f] (10)
| ) 2 :
Uy Uy 5 Uy

Figure 4 shows the growth rate normalized to U ;/a
as a function of the angle 6 for a wave perturbation
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Fig. 5. Solutions to general dispersion relation (7) for the
case of V ¢/ Ugr = 0.316 and different plasma densities on
both sides of the flow, p; = 0.8 and p, =1.2. Plots (a) and
(b) show the normalized growth rate ya/ Uy and normal-

ized phase velocity o/k Uy as functions of ka for different
values of 0, respectively, and plot (c) shows the normalized
growth rate ya/ Uy as a function of the angle 0 for three
different values of ka.

with ka = 1.0. Only one solution to the dispersion rela-
tion is shown, because the second solution has a much
smaller growth rate for waves propagating at angles
0 < 6. The calculations were performed for several
values of the density p,. We find from (10) that
Va/Uy =0.33 for p,=1.0, V, /Uy =0.43 for
p1=0.6,V,/Uy =0.58 for p; =0.4, and V /U, =
0.75 for p, =0.2. The growth rate decreases with
decreasing p, and, accordingly, increasing magnetic
field in domain 1, because, for a stronger magnetic
field, it is more difficult to bend the magnetic field
lines. As the density increases, the growth rate
increases to a certain maximum value and, then,
decreases (see [11]). It should be noted that, for
p; = 0.2, the flow velocity U, is lower than the sum of
the Alfvén velocities in the flow and domain 1. In this
case, a system consisting of two semi-infinite plasmas
is stable against the onset of KHI. In the three-layer
system, long-wave oscillations can be excited (see
Fig. 4), because, at the interface between the flow and
domain 2, the flow velocity U, is higher than the sum
of the Alfvén velocities in the flow and domain 2; in
this case, however, dispersion relation (7) has only one
unstable solution.

3.2.2. Let us study solutions to general dispersion
relation (7) for the case in which the plasma has differ-
ent densities in all three domains. We use the parame-
ters qualitatively reflecting the main characteristics of
the plasma sheet boundary layer of the Earth’s magne-
totail, where a fast plasma flow propagates. For the

flow, we assume cff/U(ff =0.0land V,,/U, = 0.316.
For domain 1, simulating the cold rarefied lobe

plasma, we take pg/po = 0.8 and cfl/U(ff =0.001.
The magnetic field is determined from the condition
that the total (gas-kinetic plus magnetic) pressure in
domain 1 is equal to that in the flow. Then, according
to formula (10), we have V,/ U, = 0.373. In domain
2, simulating the central plasma sheet, we take

Poo/Pos =1.2 and cszz/Uozf =0.01 and, accordingly,

Vo/ Uy = 0.285. The results of calculations are shown
in Fig. 5. Figure 5a shows the growth rate normalized
to Uy,/a as a function of ka for several values of 6. It
can be seen that, similar to the case of equal parame-
ters on both sides of the flow (Fig. 3), long-wavelength
perturbations propagating at small angles with respect
to the x axis grow in a limited range of wavenumbers
and, accordingly, frequencies. We recall that it is in this
angular range that wave generation due to the onset of
KHI is impossible in a two-stream low-temperature
plasma. It follows from Figs. 5a and 5c that the growth
rates of wave perturbations propagating at sufficiently

small angles with respect to the flow velocity (6 < 20°)
is the highest at ka =~ 1.0. Oscillations with wave-
lengths longer than the flow width (ka < 0.5) grow at



the highest rate if they propagate along the flow, as can
be seen in Fig. 5S¢, which shows the normalized growth
rate as a function of the angle 0 for perturbations with
different wavenumbers, ka = 0.5, 1.0, and 1.5. Waves
propagating at sufficiently large angles with respect to

the flow velocity (6 > 30°) should be analyzed with
allowance for the finite width of the transition layer
(see the remark made in Section 3.2.1). However,
when the width of the transition region is much
smaller than the flow width, they should play a minor
role in the generation of long-wavelength oscillations
with ka < 1.0. Figure 5b shows the phase velocity nor-
malized to the flow velocity U, as a function of ka. It
can be seen that waves propagating along the flow have
the maximum phase velocity.

3.2.3. Figure 6 shows the solutions to general dis-
persion relation (7) obtained for the same parameters
asin Fig. 5, except forV /U, = 0.474, i.e., fora mag-
netic field in the flow stronger (or a flow velocity lower)
than that in the case considered in Section 3.2.2.
According to Eq. (10), the ratios of the Alfvén veloci-
ties in the ambient plasma to the flow velocity also
change. In domain 1, where p, =0.8, we have
Va/Uy =0.543 and, in domain 2, where p, =1.2, we

have V 4,/ U, = 0.431. It should be noted that, in this
case, the flow velocity is lower than the sum of the
Alfvén velocities in the flow and domain 1,
Uy <V, +Vy. It follows from the dispersion relation
that, in this case (similar to the case presented in
Fig. 4), the three-layer system can be unstable if the
flow velocity is higher than the sum of the Alfvén
velocities in the flow and domain 2. As was expected,
an increase in the magnetic fields in the system and/or
a decrease in the flow velocity leads to a substantial
decrease in the instability growth rate. Moreover, for
the parameters corresponding to Fig. 6, the system
became more stable against the excitation of long-
wave oscillations with ka < 0.7,

4. STRUCTURE OF EIGENMODES
AND DEFORMATION
OF THE FLOW BOUNDARIES

4.1. Components of the Magnetic and Electric Fields
of the Wave

Let us denote a small deviation of the total (gas-
kinetic plus magnetic) pressure from its equilibrium

value as p = (cszjﬁj + (Bo‘,‘_b/)j’ wherej =1, 2, f. Using
Y
Egs. (1) and (2), we can express the components of the

perturbed magnetic field b, , . and perturbed velocity

V., in terms of p. When the plasma flow velocity is
nonzero only in the bounded domain —a < z < a and
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Fig. 6. Solutions to general dispersion relation (7) for the
case of V4r/ Uqr = 0.474 and different plasma densities on

both sides of the flow, p; = 0.8 and p, =1.2. Plot (a) shows
the normalized growth rate as a function of ka for different
values of 0, and plot (b) shows the normalized growth rate
as a function of the angle 0 for ka = 0.75 and 1.0.

the magnetic fields in all domains are parallel to the
flow velocity, we find that the components of the wave
magnetic field are

Xj ij()ijf
B.p
b, = —Lpﬂ:osesine, (11)
Ripy U,
. By cos8 gp
3

=1 5
kRj Por U o 24



and the components of the perturbed velocity are

- 2,2
v :LOSO{QPLAJ,ICJ kL}

N Py Uy R; K P,
QU, psi
By;cosO poUyR;

v, = —%b = ,La_f’

7 By;cos0 v kpofUOijaz’

where Q,, =0, Q; =(0—cosh), and R; and 4, are
defined by formulas (8).
The components of the wave electric field can be

obtained from the relationship E = —lV x B, where cis

the speed of light. Obviously, if the mglgnetic fields and
the flow velocity are directed along the x axis, then the
component of the perturbed electric field e, is identi-
cally zero in all three domains, independently of the
plasma parameters and wave propagation direction.
The remaining pair of the electric field components
can easily be expressed in terms of the components of
the wave magnetic field,

T

b
¢ cosf ?

p/l
(13)
Uy o,

¢ cos®
These formulas show how the components of the mag-
netic field b, and b, of the excited wave are related to

the components of the electric field e, and e,.

J

4.2. Structure of Eigenmodes Propagating
along the Flow, = 0

Let us consider the structure of eigenmodes propa-
gating along the flow velocity. It follows from Egs. (11)
and (13) that, in this case, the magnetic field compo-
nent b, and the corresponding electric field compo-
nent e, are absent in the wave field.

Figures 7 and 8 show the results of calculations for
the case in which the plasma has the same parameters
on both sides of the flowand V,,/ U, = 0.316 (see Sec-
tion 3.1, Fig. 2). In this case, there are two eigen-
modes, antisymmetric and symmetric. The distribu-
tions of the pressure and the transverse components of
the magnetic and electric fields in these modes are
shown in Figs. 7 and 8, respectively, for two typical val-
ues of the ratio between the ion acoustic velocity and
the flow velocity. The heavy and light curves show the

structure of modes for ¢, — o and ¢’/ Uozf- =0.1,
respectively. The calculations were performed for a
wave perturbation with ka = 1.0 for the instant at
which the absolute value of the total perturbed pres-
sure at the flow boundaries in the given cross section of
the flow is at maximum. Figure 7a shows the profile of

the total perturbed pressure normalized to its maxi-
mum value, 8p = p/Puax» along the z coordinate nor-
malized to the half-width a of the flow for the antisym-
metric mode, and Figs. 7b and 7¢ show the profiles of
the real parts of the normalized components of the

U2
(b, = PP

magnetic and electric

Prmax of

cUy e
:u_y) fields, respectively, calculated by
pmax of
formulas (11) and (13). Similar profiles for the sym-
metric mode are shown in Fig. 8.

(de

y

It can be seen from Figs. 7 and 8 that, at a high

plasma temperature (¢, — o), the perturbed pressure,
perturbed magnetic field, and wave electric field
decrease monotonically on both sides of the flow. In a

low-temperature plasma (cf/ U gf =0.1), the distribu-
tions have an oscillatory—damped transverse struc-
ture. In the antisymmetric mode, one or two oscilla-
tions with amplitudes much smaller than those inside
the flow are observed in the ambient plasma. For the
symmetric mode, the distributions execute a large
number of oscillations that damp slowly and, accord-
ingly, penetrate more deep into the ambient plasma.
However, as was shown in Section 3.1, the oscillation
growth rate of the antisymmetric mode in a low-tem-
perature plasma is much higher than that of the sym-
metric one; hence, the maximum value of the total
perturbed pressure p,,.., in terms of which 6p, db, de,
are expressed, is also substantially larger for the anti-
symmetric mode.

As was expected, the pressure dp is continuous at
the flow boundaries z/a = 1, because it is this condi-
tion (together with the continuity of plasma displace-
ment & at the interfaces) that was used in deriving the
general dispersion relation. In Figs. 7 and 8, the com-
ponent db, of the wave magnetic field and the corre-
sponding electric field component de), are also contin-
uous at the flow boundaries z/a = 1. This is because,
in the case at hand, the external magnetic fields in the
flow and the ambient plasma are the same. If we
express the z component of the velocity in terms of the
displacement &, then, in the linear approximation, we
have v, =—iQ £ U,k. Comparing this relationship
with the last formula in Egs. (12) and taking into
account that the plasma displacement in the z direc-
tion is continuous, we find that b,/ B\; = b.;/B,;. Thus,
the discontinuity of the external magnetic field causes
the discontinuity of the z component of the perturbed
magnetic field and the y component of the wave elec-
tric field. The behavior of the magnetic field compo-
nent b,, directed along the external magnetic field,
depends substantially on the plasma temperature. In a
hot incompressible plasma (¢, — ), all the wave-
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Fig. 7. (a) Pressure, (b) magnetic field components, and Fig. 8. (a) Pressure, (b) magnetic field components, and

(c) electric field component as functions of z/a for an anti-
symmetric solution with ka = 1. The plasma parameters

are the same in all domains, V4/Uqr = 0.316. The heavy

(c) electric field component as functions of z/a for a sym-
metric solution with ka = 1. The plasma parameters are the

same in all domains, V 4/ U of =0.3 16. The heavy and light

and light curves correspond to an incompressible plasma

curves correspond to an incompressible plasma (¢, — )
(c¢g — ) and a plasma with a finite ion acoustic velocity

and a plasma with a finite ion acoustic velocity

(csz/ Ugf =0.1), respectively. (cSZ/Ugf =0.1), respectively.

numbers are the same, k,=k, =k, = kf + ky2 = k.In aries for both the symmetric and antisymmetric modes
this case, we have R, = R, # R,; then, it follows from  (see Figs. 7b, 8b). In a cold plasma (¢, —0), the
Egs. (11) that b, has a discontinuity at the flow bound-  behavior of b, (see Egs. (11)) is determined by the val-
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Fig. 9. Profiles of the magnetic field components (a) b,
and (b) b, along the z axis in the antisymmetric mode
propagating in a low-temperature plasma (cf/Uozf =0.1)
for different oscillation phases (see the text for details).

ues of the ratio kf/Rj, j =1, f, 2 at the flow bound-
aries z/a = t1. It follows from formulas (6) and (8)

that, for 6 = 0, the ratio kf/R ; is continuous at the
layer flow boundaries. Therefore, for waves propagat-
ing along the magnetic field, the component b, is con-
tinuous. For perturbations propagating obliquely to
the magnetic field, the real and imaginary parts of the
component b, (or one of them) are discontinuous at
the flow boundaries, because, in this case,

kl/R =k;/R, # k}/Rf. In the limiting case of an
incompressible plasma, we have b, < b, for both the
symmetric and antisymmetric modes. As the temper-
ature decreases, both b, and b, increase and become of
the same order of magnitude in a low-temperature
plasma (c;/Ug; = 0.1).

In Figs. 7 and 8, the results of calculations are pre-
sented for the instant at which the absolute value of the

total perturbed pressure at the flow boundaries is at
maximum. Since all the physical quantities related to

the wave perturbation oscillate in time and space
according to Eq. (4), their time behavior can be recon-
structed by successively varying the oscillation phase.
Figure 9 shows the z profiles of the magnetic field
components for the antisymmetric mode in a low-

temperature plasma (cf/Ugf =0.1). Here, the light

solid curves show the profiles of b, and b, presented in
Fig. 7b; it is assumed that these curves corresponds to
the phase Ap =0. The heavy dashed curves, light
dashed curves, and dashed-and-dotted curves show
the profiles of the magnetic field components for
Ap =0.3m, 0.5w, and 0.7n, respectively. The heavy
solid line shows the profiles constructed for the phase
shift corresponding to one-half of the oscillation
period, A¢ = . Figure 9 clearly demonstrates the
time behavior of the antisymmetric mode, which has
an oscillatory—damped structure across the flow.

4.3. Structure of Eigenmodes Propagating Obliquely
to the Flow Velocity

In a wave propagating obliquely to the flow velocity,
all three magnetic field components, b,, b,, and b, and
two electric field components, e, and e,, are nonzero.

Figure 10 shows the profiles of the normalized mag-

Us: b
netic field component db, = M—y and the corre-
DPmax BOf
cU
sponding electric field component de, = Mi,
Drmax BOf

which are absent in a wave propagating along the flow.
The calculations were performed for an antisymmetric
mode propagating in a low-temperature plasma at an
angle of 6 =10° to the flow velocity for the same
parameters of the plasma system as in Fig. 7. The solid
and dashed curves show the profiles of the real and
imaginary parts of the field components, respectively,
calculated by formulas (11) and (13). In this case, the
discontinuities of the imaginary part of 65, at the flow
boundaries 7 = ta cause the discontinuities of the real
part of de,. The discontinuities of the imaginary part
of 6b, follow from the fact that the quantity R,
(G =1,172) (see Egs. (8)), through which the y compo-
nent of the magnetic field is expressed in Egs. (11), is
discontinuous at the flow boundaries 7 = +a.

Let us consider the structure of the eigenmodes cor-
responding to the solutions to dispersion relation (7)
obtained in Section 3.2.2 for the case in which the
plasma densities and temperatures are different in all

three domains: pg,/p = 0.8, cf,/Ugf = 0.001,
Por/Por = 1.2, ¢i/Uqr = 0.01, ¥,/ Uy = 0.316, and
cff/U(ff =0.01. According to formula (10), the mag-
netic fields in domains 1 and 2 are different, V ;,/ U, =
0.373andV,,/ U, = 0.285. Figure 11 shows the trans-



Fig. 10. Profiles of the (a) normalized magnetic field com-
ponent 85, and (b) normalized electric field component
de, along the z axis in an antisymmetric mode with ka = 1,
propagating at an angle of 6 = 10° to the flow velocity. The
solid and dashed curves show the real and imaginary parts

of the field components, respectively. The plasma parame-
ters are the same as in Fig. 7.

verse profiles of the normalized magnetic field compo-
nents in the asymmetric mode for waves propagating
along the flow (6 = 0, Fig. 11a) and at an angle of 6 =
30° to the flow (Fig. 11b). In both cases, the transverse
magnetic field component b, is discontinuous at the
flow boundaries z/a = £1. As was discussed above, this
discontinuity is caused by the discontinuity of the
external magnetic field at the flow boundaries. As the
wave propagation angle 6 with respect to the flow
increases, the b, component of the magnetic field
decreases monotonically, whereas the 5, component
increases to its maximum value and, then, decreases
according to formula (11).

4.4. Deformation of the Flow Boundaries

According to Eq. (4), the solutions considered in
this study depend periodically on the coordinates x
and y. If the plasma has the same parameters on both

12
z/a

Fig. 11. Profiles of the normalized magnetic field compo-

nents 8b,, 8b,, and 3b, corresponding to the solutions to
dispersion relation (7) (see Fig. 5) forka=1and 6 = (a) 0°
and (b) 30°.

sides of the flow, the flow boundaries oscillate in the
z direction either in phase (antisymmetric, or kink-
like, eigenmodes) or in antiphase (symmetric, or sau-
sage-like, eigenmodes). In the general case of arbitrary
plasma parameters, the eigenmodes are asymmetric
and the flow boundaries can oscillate with different
amplitudes and phases. It was shown in [11] that, for
the parameters typical of the plasma sheet boundary
layer, oscillations propagating along the flow corre-
spond to kink-like deformations of the flow. Figure 12
shows the displacements of the flow boundaries &, , in
the z direction, normalized to the maximum displace-
ment of the boundary between the flow and domain 1.
The ratio &, ,/&, ., is shown as a function of the ratio
x/a for a wave perturbation with ka = 1 propagating at

an angle of 6 = 30° to the flow. The displacements in
Fig. 12 correspond to the solutions shown in Fig. 5.
For convenience of comparison, the profiles of both
boundaries are superimposed. The boundary between
the flow and domain 1 is shown by the solid line, and
that between the flow and domain 2, by the dashed
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Fig. 12. Displacements of the flow boundaries §; , along
the z axis, normalized to the maximum displacement of
the boundary between the flow and domain 1, as functions
of x/a for a wave perturbation with ka = 1 propagating at

an angle of 0 = 30° to the flow velocity. The profiles of both
boundaries are superimposed for convenience of compari-
son. The boundary between the flow and domain 1 is
shown by the solid line, and that between the flow and
domain 2, by the dashed line. The parameters of the
plasma system are the same as in Figs. 5 and 11.

line. It can be seen that, similar to the case of wave per-
turbations propagating along the x axis (6 = 0), the
flow boundaries oscillate in close phases. In Fig. 12,
the displacements of the flow boundaries are shown
for the case in which the flow velocity is higher than
the sum of the Alfvén velocities in the flow and domain
1 or 2 and the amplitude of oscillations of the upper
boundary is larger than that of oscillations of the lower
boundary. For boundary displacements corresponding
to the case considered in Section 3.2.3 (the flow veloc-
ity is lower than the sum of the Alfvén velocities in the
flow and domain 1, but higher than the sum of the
Alfvén velocities in the flow and domain 2), the ampli-
tude of oscillations of the upper boundary is smaller
than the that of oscillations of the lower boundary, but
the flow again undergoes kink-like deformation, i.e.,
the boundaries oscillate in close phases.

5. CONCLUSIONS

KHI in a plane three-layer geometry has been ana-
lyzed with allowance for plasma compressibility. A
general dispersion relation for the case of arbitrarily
oriented magnetic fields and flow velocities in the lay-
ers has been derived. Stability of a plasma flow propa-
gating in the bounded domain has been considered in
detail under the assumption that the ambient plasma is
at rest and the magnetic fields in all three domains are
directed along the flow velocity. Such a three-layer
model adequately describes specific features of fast

plasma flows propagating in the plasma sheet bound-
ary layer of the Earth’s magnetotail.

The experimental data obtained in the course of the
CLUSTER multisatellite project were thoroughly ana-
lyzed in [5, 10]. It was shown in [10] that, the propa-
gation of fast plasma flows along the magnetic field in
the plasma sheet boundary layer is accompanied by
magnetic field oscillations also propagating along the
magnetic field. The flow velocities were found to be
more than twice as high as the local Alfvén velocity, the
oscillations had the shape of a kink-like mode, and the
oscillation wavelengths were in the range of 5—
20 Earth’s radii.

Although the three-layer model is rather simpli-
fied, analysis of KHI in such a model makes it possible
to explain almost all characteristic features of the phe-
nomena observed. In our opinion, the most important
result is that perturbations with wavelengths on the
order of or larger than the flow width can grow in an
arbitrary direction even at a zero temperature. This
result differs drastically from the commonly consid-
ered case of two semi-infinite plasmas separated by a
plane interface and propagating with respect to one
another. In the latter case, there is a range of angles
near the direction of the flow velocity in which wave

generation in a low-temperature plasma (¢, < V) is
impossible. In the three-layer plasma, long-wave-
length oscillations can be excited at any angles. Calcu-
lations performed for the parameters close to the
actual ones show that, in this case, oscillations with
wavelengths longer than the flow width (ka < 0.5) and
propagating along the magnetic field grow at the high-
est rate. For a flow width of 3000 km, the wavelengths
of these oscillations are longer than six Earth’s radii,
which agrees with the observed wavelengths (5—
20 Earth’s radii). Note that long-wavelength oscilla-
tions accompanying fast plasma flows propagate just
along the magnetic field. Numerical calculations show
that, in a low-temperature plasma, the growth rates of
the eigenmodes resulting in kink-like deformations of
the flow are much higher than those of eigenmodes
resulting in sausage-like deformations. According to
experimental data, oscillations in the plasma sheet
boundary layer have the shape of a kink mode. Analy-
sis of the structure of eigenmodes has shown that, at
low plasma temperatures, the modes have an oscilla-
tory-damped transverse structure. Unfortunately, the
available experimental data are insufficient to deter-
mine the fine structure of long-wavelength oscillations
excited by fast plasma flows propagating in the plasma
sheet boundary layer.

ACKNOWLEDGMENTS

This work was supported by the Russian Founda-
tion for Basic Research (project nos. 10-02-93115 and
10-02-00135), the Russian Federation State Contract
no. 02.740.11.5064, and the Council of the Russian



Federation Presidential Grants for State Support of 5. E. E. Grigorenko, J.-A. Sauvaud, and L. M. Zeleny,

Leading Scientific Schools (grant no. NSh- J. Geophys. Res. 112, A05 218 (2007).

3200.2010.2). 6. A. M. Fridman, Usp. Fiz. Nauk 178, 225 (2008) [Phys.
Usp. 51, 213 (2008)].

7. C. Uberoi, Planet. Space Sci. 34, 1223 (1986).
I AYSN I A 8. K. W. Min, Astrophys. J. 482, 733 (1997).

1. H. Hasegawa, M. Fugimoto, T.-D. Phan, etal., Nature 9 A Miura and P. L. Pritchett, J. Geophys. Res. 87, 7431
430, 755 (2004). (1982).

2. M. L. Nykyri, A. Otto, V. Lavraud, et al., Ann. Geo-  10. E. E. Grigorenko, T. M. Burinskaya, M. Shevelev, et al.,
phys. 24, 2619 (2006). Ann. Geophys. 28, 1273 (2010).

3. M. Volwerk, R.-H. Glassmeier, R. Nakamura, et al., 11. T. M. Burinskaya, Fiz. Plazmy 34, 1013 (2008) [Plasma
Geophys. Rev. Lett. 34, L10 102 (2007). Phys. Rep. 34, 936 (2008)].

4. K. Takagi, C. Hashimoto, H. Hasegawa, et al., J. Geo-
phys. Res. 111, A08 202 (2006). Translated by E.G. Baldina




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


