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Abstract—The nonlinear equation describing the Farley—Buneman (FB) waves in multispecies collisional
plasmas is derived by employing the multiple-scale reduction analysis. It is shown that the presence of several
ion species with different collisionalities and different ion masses removes the degeneracy of the nonlinear
equation and generates the nonlinear terms resulting in wave steepening and wave breaking. This effect may
be responsible for formation of one-dimensional coherent FB waves of a finite amplitude.

DOI: 10.1134/S1063780X16050081

1. INTRODUCTION

The Farley—Buneman (FB) instability [1—5] is
typically considered as a source of electrojet irregular-
ities observed in the E-region of Earth’s ionosphere at
a height where the electrons are strongly magnetized
(w0, > v,,) and ions are unmagnetized (0, < V;,),
where w,, ; is the gyrofrequency and v, ,, is the col-
lision frequency of charged species with the neutrals.
It has been extensively studied in linear theory (see,
e.g., [4—9] and references therein). There remains,
however, a number of important observational fea-
tures that need to be explained on the basis of nonlin-
ear theory, such as the saturation of the instability,
nature of the nonlinear states and the resulting spectral
characteristics of developed turbulence.

The nonlinear theory of the FB instability has been
investigated for the mode saturation as a result of non-
linear electron drift and diffusion, as well as nonlinear
energy flow from linearly excited modes to the
damped modes [5, 10—15]. Saturation mechanism of
FB modes via the nonlinear wave coupling has been
studied through computer simulations in [15, 16]. The
simulations [17] have shown that the mode saturation
depends on flow angle, that is the angle between the
directions of wave propagation and the drift velocity.
Further, it was demonstrated [ 14] that the excitation of
small scale secondary waves plays an important role in
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the nonlinear saturation of the instability. These satu-
ration mechanisms are related to the nonlinearity due
to the electron E X B drift, which is essentially a two-
dimensional effect in a plane perpendicular to the
magnetic field direction. Respective nonlinear equa-
tion with two-dimensional (vector) nonlinearity was
derived, e.g., in [ 18]. This nonlinearity was found to be
responsible for the energy transfer between small (FB)
and large scale structures resulting in the generation of
secondary modes at finite flow angles [19, 20]. It was
also shown that this mechanism can stabilize FB insta-
bility by coupling of an unstable mode with two
damped modes [9]. Nonlinear interaction of FB mode
with external RF fields was also considered and sug-
gested as a stabilization mechanism from intense radar
beams [21].

The two-dimensional nonlinearity is likely to be
responsible for often observed finite flow angle modes
and for the mode spreading into the linearly stable
regions [20]. However, some observations indicate the
presence of large amplitude square waves [22, 23]
which resemble coherent one-dimensional waves. The
mechanism for formation of such structures (most
likely to be one-dimensional) is not clear. It was sug-
gested [24] that such square wave structures may be
explained by wave breaking of large amplitude waves
similar to the breaking of the water waves.

Wave breaking is a result of nonlinear dependence
of the wave phase velocity on the wave amplitude.
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NONLINEAR EQUATION FOR FARLEY-BUNEMAN WAVES

Within the approximation of weakly nonlinear waves,
the model nonlinear equation for one dimensional
wave demonstrating the wave breaking phenomena
can be written in the form:

o . A _pdf, 2a_f_0 ]
atf& 2P (1)

The second term in Eq. (1) is a nonlinear term which
leads to the wave breaking, the third term is the diffu-
sion/dissipation with D as a diffusion coefficient, and
the fourth term represents dispersion with p? as a dis-
persion parameter. The FB waves are almost disper-
sion-free (at least in the meter-scale wavelength
region) [20]. In absence of dispersion, p?> = 0, Eq. (1)
becomes Burgers equation, which was derived for
many type of water waves and waves in plasma. For
unstable FB mode, the diffusion term is, in fact, neg-
ative with D < 0, resulting in growing modes as f ~
exp(—iwt + ikE) with frequency w = ik*D. Unstable
waves can grow to large amplitude when the nonlinear
term becomes significant leading to the wave steepen-
ing and breaking [25]. One-dimensional (scalar) non-
linearity is the main nonlinear effect for sound type
waves (such as ion sound), where it is crucial for the
formation of solitons, periodic nonlinear waves (cnoi-
dal waves), and shock waves [25].

The FB instability is often thought as a special case
of destabilized ion-sound waves. However, FB waves
possess unique degeneration due to remarkable can-
celation of the first-order (quadratic) nonlinearities of
the sound wave type. It was shown [18, 26—28] that the
first order nonlinear terms are exactly canceled in the
regime w < v, typically considered for ionosphere
application. This property precludes the wave steepen-
ing and wave breaking for FB waves. In this work, we
revisit the problem of the nonlinear equation for one-
dimensional FB waves. By considering weakly nonlin-
ear waves and employing the technique of reductive
perturbation method, we derive a nonlinear equation
for FB waves. We show that the above noted degener-
acy is removed and one-dimensional convective non-
linearity is retained in multispecies plasmas resulting
in wave steepening and wave breaking. In addition, it
is shown that there exists one-dimensional nonlinear
diffusion nonlinearity related to the ion inertia [29].
The normalized nonlinear equation for one dimen-
sional FB waves in a multispecies plasma can be writ-
ten in the form

oU  ,,0U U
Y iveY L (p,-D,)2Y
a’t ag ( 1 D)agz
S @
~- Dy &5 =0.
o

The linear diffusion-type coefficients, D, > 0 and D, > 0,
are responsible for the instability and stabilizing diffu-
sion, respectively, and Dy describes nonlinear diffu-
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sion effects. The derivation of this equation is a subject
of this manuscript.

2. BASIC EQUATIONS

Our model is based on the basic fluid equations for
ions and electrons. We consider the magnetic field
along the z direction, By = Bz, and the electric field
along the y direction, E = Ey. This will thus give the
E x B drift along the x direction. Ions are assumed to
be isothermal (7}is constant) and unmagnetized as the
ion cyclotron frequency is much smaller than the ion-
neutral collision frequency (w,; = eBy/mc < v,;,). The
ion dynamics can be described by continuity and
momentum equations as

on

D5tV - (mv)) =0, (3)
ot
JEATI 7 /SR (4)
dt n;

where the variables have their standard meanings. The
electric field is given by E = —V ¢, with ¢ as the elec-
trostatic potential, and the pressure gradient is Vp, =
T;Vn,;. Assuming that the ion velocity can be expressed
in terms of a velocity potential as v; = —Vy, the above
equations for ions can be written as

My (nVy) = )
ot
9 2, _ w2l e T, n  (Vy’
g NV =V | = 41 . (6
(2 +va)Vx [m[¢+m[_ o 2] (©)

The electrons are considered as isothermal (7, is con-
stant) and magnetized as their cyclotron frequency is
much greater than the electron—neutral collision fre-
quency (o,= eBy/mc > v,,) and their motion is dom-
inated by the magnetic field. The electron dynamics is
also described by the continuity and momentum
equations as:

Me LV (nv,) =0, (7)
ot
m, e _ —e[E+ EXB} Yoe _pmy v, (@®)
dt c n,
with E = —V¢ and the pressure gradient as Vp, =

T,Vn,. Electron inertia can be neglected since w< w,,
and v,, > w, so the electron collisional response is
more important than the inertial (low hybrid mode
thus is not considered). Thus, neglecting the left-hand
side in Eq. (8), the momentum equation can be solved
to obtain the electron perpendicular velocity as

V.=Vp+V, +V,, )
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where Vis the E X B drift, V,, is the diamagnetic drift,
and V, is the next-order drift given by

\' :B%bxvq),

0

(10)

bx Vp,, (11)

en,B,

V, = —Yerhx (V, +V,,)
0
ce (12)
—Ven € T,

0., B, en, ‘)
with o, > 0. Note that we consider the modes which
have no variations along the magnetic field (k, = 0), so
the electron parallel velocity (along the magnetic

field) can be neglected here. Now, using Eq. (9) in
electron continuity equation (7), we obtain

an“"+VE Vn, + ——
ot

AL

0Wce

Tt le Py = ).

(13)

eBou)

Equations (5), (6), and (13) together with the quasi-
neutrality (n, = n; = n) condition make up our basic
model.

3. DERIVATION OF THE NONLINEAR
EVOLUTION EQUATION BY THE REDUCTIVE
PERTURBATION THEORY

The reductive perturbation theory, widely used in
nonlinear optics and wave dynamics [30—32], allows
to reduce a complex system of nonlinear equations (5),
(6), and (13) to a single nonlinear equation. The per-
turbative expansion is performed in a small parameter
corresponding to the wave amplitude. In our case, the
amplitude expansion is combined with the expansion
near the marginal stability. In the leading order, one
has the stable propagating wave; effects of the nonlin-
earity and instability are included in the next order.
Thus, the reduced (simplified) nonlinear equation
includes the dominant nonlinear effects and diffusive
(negative or positive) terms near the marginal stability.

Technically, the expansion is done by introducing
the stretching coordinates, such as the spatial variable
& = x — ut and slow time dependence variable T = . All
variables are represented in the form X = X(t,§),

where X = (7, ¥, 0) represents the perturbed quantities.
The parameter u corresponds to the phase velocity of
the stable linear wave and the dependence on the Tand
€ variables is due to the weak nonlinear terms and weak
deviation from marginal stability.

First, we review the derivation of the nonlinear
equation for the single ion species case. All variables
are considered in a form of the series expansion

LITT et al.

X=X"+Xx?+ (14)

Using stretching coordinates along with the expansion
of dependent variables, from Egs. (5), (6), and (13),
the lowest order of equations are

~ud i —n VgV =0, (15)
~(1) (D(l) (16)
(—u+V)aei® + Leog2® — g (17)

Omce
where V is the equilibrium E % B drift in the x direc-
tion. These equations form the homogenous system

for three first-order variables 7", x , and qS“). The
solvability condition for this system defmes the phase
velocity for the linear wave,
S+l
u

(18)

withy =v,v,;,/0,.0,. Inthe second order, one takes
into account the nonlinear terms and the terms
responsible for the instability. These equations are

9 -0 ~(2) 252
=7 —udeii” —nyV
ot : ov X (19)
_Vv. (ﬁ“)Vf(“)) -0
Vin)za) _ Uagfc(l) _ ia)a)
" (20)
~(1)
F L Lz,
m; ny 2
9 0 + (cu+ V)i 5@ L VenCho V2@
o1 Bococe
+ V,.C v, (ﬁ(l)VLd‘)(l)) v,.cT, V2 ~(1) Q1)
Omce e Owce
+<b-VeP xVi® =0
B,
The secular terms (related to the linear terms n(z) q)(z),

and x( ’) are removed from Egs. (19)—(21) by the con-
dition in Eq. (18) and the remaining equation gives the

evolution equation for A", which is defined by the
nonlinear effects and weak deviation from marginal
stability. Equations (19)—(21) have three different
types of nonlinear terms: the two-dimensional vector

nonlinearity (c/By)b-V$"” x Vi, which originates
from E X B convection in the electron continuity

equation; the convective nonlinearity (Vf(“))2 /2,
which originates from v - Vv terms in the equation of
ion motion; and another convective type nonlineari-

ties in the ion V-(ﬁ(')Vf(“)) and the -electron
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(Vorc/By®, )V | - (A"V ,0") continuity equations.
The v-Vv nonlinear term, or in another form

(V)Z“))z, corresponds to the nonlinear diffusion. The

convective terms, V - (ﬁ(l)Vf((”) and V| - (ﬁ(l)Vl&)(l))
are present in one-dimensional case and normally
would be responsible for the wave steepening and
breaking. There is, however, remarkable exact cancel-
ation between these terms and the lowest order scalar
nonlinearity does not appear in nonlinear equation
[28].

This cancelation is demonstrated as follows.
Excluding ¥® from Egs. (19) and (20), one obtains

9.7 =19 z0
s uot
nOV (V aéx(l) + i ¢(2)
P @
+ _i”_+L(VX(‘))2j
my, oy 2V,
1 ~ (D7 < (D
-=V-V .
. AVYE)

The final nonlinear equation is obtained by excluding
7A? between Egs. (21) and (22). The nonlinear terms

in these equations, V - (ﬁ(l)Vf(m) andV | - (ﬁ(l)Vj)(l)),
are collected in the form

(1 —&)Vl AV + e
u B

0 ce

V- @0V ,0"). (23)

After using phase velocity relation and Eq. (16), we
can see that these two terms cancel each other,

v env inmic

YV @OV £ TRV GOV 1) = 0,024)
0ce
where VenV inmic/eBO(Dce =Vy.
Let us introduce a new variable " = —udF/9E.

Now, using Egs. (21) and (22), the remaining equa-
tions give a single nonlinear equation for the evolution
of FB mode in single-species plasma in the following
form:

Iyp -
ot 1+\|/BO d&
v oul 28F 3 (Te+T,-)V4F
l+yv, 098 1+w my,
2 2
_EL_V (V J Fj =0.
21+\|Imv a&

The third term in this equation is destabilizing due to
negative diffusion, the fourth term is a standard (posi-
tive) diffusion that defines the instability threshold.
The second term is a vector nonlinearity obtained in

9F W VV*F

(25)
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this form as in [18]. The last term is a new nonlinear
term of the nonlinear diffusion type.

The cancelation of the scalar convective nonlinear
terms in Eq. (25) is a result of a delicate balance of the
dissipation that define the phase velocity of the linear
waves. Such cancelation does not occur in a plasma
with several species which have different collision fre-
quencies. For a plasma consisting of two type of ions,
a and b, of different masses and different collisionali-
ties, the governing equations (5), (6), and (13) can be
written as

s G (n V) = 0 (26)
ot
(%Hm)vzxoc
: 27)
[ ¢+ (X ln I(X + (VX(X) J,
OL nO(x 2

where a= (a, b). The lowest order equations (15) and
(16) now are

2~ (1)

—udeity — no Vg =0, (28)

~ 1) T
ocX(x - (D .
me,

(29)
They have to be combined with electron equation (17)

() _ ~()

by using the quasineutrality condition, #,” =7, +

b . These equations form the homogeneous system
for six variables. The solvability condition for this sys-
tem defines the phase velocity relation of the linear
wave as

ey, (30)
where
A% A%
\Ileff == (ﬂ\J 5 (31)
mce ('oce eff
["—j - 1 L3
mce eff nawca/va + T]b("*)cb/vb

With n& = i’l()a/l’lo al’ld O‘)Ca
Note thatn, +n,= 1.

=eB,/myc for o = (a, b).

In the second order, with nonlinear and diffusive
terms, the equations are

Qﬁa)

S udeiiy — o V5 = V- (g Viy) =0, (33)

T

Vol —udele == ¢<2) 2’ Lyg2, (34)
m ”mx 2
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d -0 5 VenClly y7250)
— 7, +(—u+Vy)o:i 2V
5 +( 0)0¢e, B 0

00,
+ aly GOV §0) - el eyt o)
BO ce ebyW,,
+<=b-Vo" x Vi =0
B,
Introducing a new variable q)“) —udF/dE and

using Egs. (33)—(35) along with dispersion relation (30),
the secular terms can be removed and resulting single
nonlinear equation for the evolution of FB mode is
obtained as

Iy _
aT

Yo

I vV S VA vy
(1 + lIjeff) BO

9§

+ O\ V- (V FV %@ + DV’ g; (36)
—D,V'F-C,V? ViFj =0
D D ( 8§
with the coefficients defined as
Cup = Vs V,.C
(1 + Weff) BO('Oce (37)
X |: na/mava + T]b/”nbvb _ 1i|
(na/mava + nb/mbvb)
D - VOZWeff na/mavi + nb/mbvi (38)
I+ \Ifeff)3 Mo/ MV, + M/ MV,
D, = 1 V..C
1 + Weff ('OceeBO (39)
[n T/m V +anb/meb +T}
M,/myv, + nb/mbvb)
— e VOZWeff na/mjvz + nb/mzvz . (40)

3
2(1 + Weff) na/mava + T]b/’nbvb

In case of two ion species, a lowest order scalar non-
linearity term arises with coefficient Cy; due to the
difference in mass and collision frequency of the two
species. This term is zero for m, = m, and v, = v,, thus
reducing to the single ion case as obtained in Eq. (25).
Nonlinear equation (36) can be written in a dimen-
sionless form by introducing the following normalized
quantities: T' = ,,T and §' = §/p,, With p,, = ¢,,/®.,,

JT,/m, and w,, = eB, /m, . For one-
dimensional case, assuming U = 9°F/ 8&2 and intro-

where ¢, =

ducing a function f'such that U= Bf with = 1/2C\y,
we can write Eq. (36) in a form given as
s S S

- Dy —==0, (41)
a’f faé ra&d NL aé.z
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where the dimensionless coefficients are: D =

Dl-ww/cm with D= D, — Dpand Dy, = Dy, /p,, With
Dy = Cp/2Cy.- This form has two nonlinear terms:
one of the convective type, as in Burgers equation,
responsible for wave breaking; and the another one is
the nonlinear diffusion term which is generally stabi-
lizing. The linear term, Dy, describes the FB instability
for Dy > 0 or diffusive damping for D < 0. Typical val-
ues of these coefficients for typical plasma parameters
for the E-region of ionosphere and the solar chromo-
sphere are given in the Appendix.

4. SUMMARY

We have derived a novel nonlinear equation
describing the one-dimensional FB waves in multi-
species plasmas. We have shown that one dimensional
quadratic nonlinearity persist in plasmas with several
ion species, thus affecting the evolution of FB modes
and leading to the wave steepening and wave breaking.
‘We have also obtained an additional nonlinear term of
the nonlinear diffusion type. The magnitude of the
nonlinear coefficients depend on the relative concen-
tration, mass and collision frequencies of ion species
as shown in Eq. (36). The situations with several ion
species exist in the E-region of the Earth’s ionosphere
and solar chromosphere. In these cases, the wave
steepening nonlinear term may result in wave breaking
and forming strongly nonlinear singular solutions. It is
worth noting that the FB waves in multispecies plas-
mas have recently been studied in application to the
solar physics problems [33—36]. It has been suggested
that FB instability plays an important role in the heat-
ing of solar chromosphere [33, 34]. The FB theory has
been developed to describe the multi-ion-species
metal-dominated plasma of the solar chromosphere
[35]. It is shown in this paper that in multispecies plas-
mas convective nonlinear terms appear that may result
in wave breaking of one-dimensional FB waves.

The typical values of the numerical coefficients
given in the table show that wave breaking will be more
pronounced in the solar chromosphere due to larger
mass difference of the ion species while in the E-
region of Earth’s ionosphere, the nonlinear diffusion
effects typically are more important. The two-dimen-
sional (vector) nonlinearity present in Eq. (36) is gen-
erally larger than the one-dimensional nonlinear
terms for a general case of k, ~ k. However, the linear
instability exists in a narrow cone around the direction
of the electron E X B flow (along the x axis) and the
wave may grow as a one-dimensional structure to a
large amplitude before the two-dimensional nonlinear
effects will generate waves with finite k,. Such effects
were recently considered in [20]. Therefore, the finite
result will depend on the relative competition of two
effects: linear growth of one dimensional structures
and nonlinear wave-breaking/nonlinear diffusion and
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Coefficient in Eq. (41) for the ionosphere and chromosphere plasma parameters

Ionosphere E-region Solar chromosphere
Parameters
105 km 110 km 30G 105G
Dr 3.61 x 1073 1.47 x 1073 1.51 x 1072 0.10 x 1072
Dy 6.02 15.14 0.241 0.502

nonlinear spreading [20], generating finite £, modes.
Numerical analysis of the full equation describing
both effects will be presented elsewhere.

APPENDIX

TYPICAL PLASMA PARAMETERS
FOR FB INSTABILITY IN THE IONOSPHERE
AND SOLAR CHROMOSPHERE

‘We have used the typical ionosphere parameters at
105 and 110 km altitudes in the E-region of the iono-
sphere to evaluate the coefficients in Eq. (36). The ion
species a and b are taken to be the two dominant ion
species in the E-region of the ionosphere, NO* and

O;, respectively. Thus, the masses for the two ion spe-
cies are m . =30m, and m o =32m, with m, =

1.627 x 10~ e kg as the mass of a proton. The electric
field and the magnetic field values considered are £, =

0.025 V/m and B, = 0.5 G, which gives the drift veloc-
ity ¥, = 500 m/s. The cyclotron frequency for elec-
trons is w,, = 8.79 x 10°s~! and the cyclotron frequen-
cies for each of the ions species are w,, = 1.64 X 10%s~!

(for NO*) and w_, = 1.54 x 10%s~! (for O3). We con-
sider equal temperatures both for the electrons and the
ion species, so 7,= T, = T, = 300 K, which gives ¢,, =
291.24 m/s. To find the collision frequencies of each of
the charged species with the neutrals, we consider the
nonresonant ion—neutral collision frequencies only.
We took the simple expression for nonresonant colli-
sion frequency for a given ion—neutral pair as given in
[37], which is v;, = C,,n, with C,, as a numerical colli-
sion frequency coefficient and n,, as the density of neu-
trals in cm~3. The neutral species we have considered
are N, and O, molecules. The density of the neutrals is
taken from the MSIS atmospheric model
[http://ccmc.gsfc.nasa.gov/modelweb/models/msis_

vitmo.php] (for March 17, 2014 with universal time
(hour = 1.5) and geographic coordinates at the lati-
tude 55° and longitude 45°). It should be noted that we
have not taken into account the resonant collision fre-

quency of O; ions with O, neutrals as the resonant
ion—neutral collision frequency values become
important only at higher altitudes and for temperature
values greater than 300 K.
For the 105-km altitude, the densities obtained for
N, and O, are 3.645 x 10”2 cm~3 and 7.552 x 10" cm~3,
PLASMA PHYSICS REPORTS  Vol. 42
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respectively. The collision frequency coefficients are
taken from [37] as C,, (NO*—N,) =4.34 X 107" cm? s,

C,, (NO™—0,) = 4.27 x 107 cm® s, and C,, (05—
N,) =4.13 x 1071 cm? s~!. So, the ion—neutral colli-
sion frequencies obtained for the two ion species are

Vaoion, = 138 10°stand v . =322 x10%s7",

which gives the total collision frequency of NO™ ions
with neutrals to be 1.90 x 10°s™'and v, = 1.51 x

103 s~%. The collision frequency of electrons with neu-
trals along the E-region of ionosphere follows v

10v,,. So, using the total ion—neutral frequency calcu-
lated above for both ion species, the electron-neutral
collision frequency is v,, = 3.41 x 10*s~!. To find the
1 values for both the species, we need the densities for
both the ions and the electrons. So, using the modeled
ion densities and the electron density profile as in [38,

39] for NO* and O3 at 105 km, we obtain 1, = Mvo =

Nyot/Meo = 0.5 and n, = Nor = Mo +/h = 0.5. Simi-
larly, for the two ion species at the 110 km altitude, the
values obtained are n, = 0.6, n, = 04; v_ . =

NO*-N,
6.05x 10> 57, and v, . = 1.05 x 10* s~!, which

gives the total collision frequency of NO* ions with
neutrals to be 7.10 x 102 s~; Voin, = =576 x 10257,

and, thus, v,, = 1.29 x10*s~!. Using all these parame-
ters, the normalized coefficient values for Eq. (41) are
given in the table.

In the solar chromosphere, the FB instability may
develop near the solar temperature minimum, where
electrons are strongly magnetized but the protons and
the heavy ions are unmagnetized [33—36]. For the
chromosphere parameters, just below the temperature
minimum, MglII, Sill, and Fell are the dominant ion
species, while protons and CII (to a lesser extent)
dominate above the temperature minimum. We have
considered electrons and the two ion species: (a) pro-
tons and (b) Fell. Thus, for the mass of the ions, we
have: m, = 1.627 x 10=?" kg for protons and m, =

9.09 x 10~2¢ kg for Fell. The coefTicients are calcu-
lated using the various parameters taken from the plots
of collision frequency, plasma density, temperature
profile, and trigger velocities in [35] corresponding to
magnetic field values of 30 and 105 G near the solar
temperature minimum.
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We first consider parameters at temperature mini-
mum for the magnetic field By, = 30 G. The trigger
velocity and the solar temperature minimum values
corresponding to this magnetic field are 8 km/s and
3800 K, respectively. We will take ¥V}, to be greater than
the trigger velocity, V,, = 14 km/s, and the tempera-
tures 7, = T, = T, equal to the temperature minimum,
which gives ¢, = 5.68 km/s. The ratios of the collision
frequency to the gyrofrequency for electrons and ions
are v,,/w, = 0.07, v,,/o, =9, and v,/ , = 100. The
density values are n, = 4 x 10" m=3, n, = 0.7 X 10" m—3,
and n,= 5 % 10'® m~3, which satisfies the quasineutral-
ity assumption n, = n, + n,. Using these density values,
we have 1, = 0.8 and n, = 0.2. Similarly, we consider
parameters at same temperature minimum for the
magnetic field B, = 105 G. The trigger velocity corre-
sponding to this magnetic field value now is 5.2 km/s,
so we take V, = 8 km/s. The ratios of the collision
frequency to the gyrofrequency are v,,/m, = 0.02,
v/ 0., = 4, and v,, /o, = 40. The values for ¢y, n,,
and n, remain the same. Using these values, the calcu-
lated normalized coefficients in Eq. (41) are given
in table.

ACKNOWLEDGMENTS

This paper is devoted to memory of A.B. Mikhai-
lovskii with whom A.I. Smolyakov, O.A. Pokhotelov,
and O.G. Onishchenko had a privilege to work together.
This work is supported in part by NSERC and by the
International Space Science Institute (Bern, Switzer-
land) program “Large-scale vortices and zonal winds in
planetary atmospheres/ionospheres: Theory vs. obser-
vations.” O.G. Pokhotelov and O.G. Onishchenko are
also grateful for the partial financial support of the Pro-
gram of the Russian Academy of Sciences No. 7 and the
Russian Foundation for Basic Research through Grants
nos. 14-05-00850 and 15-05-07623.

REFERENCES

. D.T. Farley, J. Geophys. Res. 68, 6083 (1963).
. O. Buneman, Phys. Rev. Lett. 10, 285 (1963).

. Y. S. Dimant and R. N. Sudan, J. Geophys. Res. 100,
14605 (1995).

4. J.-P. St.-Maurice and R. S. Kissack, Ann. Geophys.
18, 532 (2000).

5. A. M. Hamza and J.-P. St-Maurice, J. Geophys. Res.
98, 11587 (1993).

6. R.S. Kissack, J.-P. St.-Maurice, and D. R. Moorcroft,

J. Geophys. Res. 102, 24091 (1997).

7. H. Bahcivan and D. L. Hysell, J. Geophys. Res. 111,
A01304 (2006).

8. R. S. Kissack, L. M. Kagan, and J.-P. St.-Maurice,
Phys. Plasmas 15, 022901 (2008).

9. A. S. Volokitin and B. Atamaniuk, Plasma Phys. Rep.
36, 390 (2010).

10. R. N. Sudan, J. Geophys. Res. 88, 4853 (1983).

w N =

LITT et al.

11

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.
33.
34.

35.

36.

37.

38.

PLASMA PHYSICS REPORTS

J. P. St.-Maurice, J. Geophys. Res. 92, 4533 (1987).

E. Kudeki and D. T. Farley, J. Geophys. Res. 94, 426
(1989).

R. N. Sudan, J. Akinrimisi, and D. T. Farley, J. Geo-
phys. Res. 78, 240 (1973).

M. Oppenheim, N. F. Otani, and C. Ronchi, J. Geo-
phys. Res. 101, 17273 (1996).

N. F. Otani and M. Oppenheim, J. Geophys. Res. 111,
3302 (2006).

M. M. Oppenheim, Y. Dimant, and L. P. Dyrudm,
Ann. Geophys. 26, 543 (2008).

P. Janhunen, J. Geophys. Res. 99, 11461 (1994).

R. N. Sudan, A. V. Gruzinov, W. Horton, and N. Ku-
kharin, Phys. Rep. 283, 95 (1997).

A. 1. Smolyakov, A. V. Koustov, and R. A. Makare-
vitch, J. Geophys. Res. 106, 15511 (2001).

S. K. Litt, A. S. Bains, A. 1. Smolyakov, O. G. Onish-
chenko, and O. A. Pokhotelov, Phys. Plasmas 22,
114501 (2015).

P. K. Shukla, L. Stenflo, M. Rosenberg, and D. P. Re-
sendes, J. Geophys. Res. 107, 1311 (2002).

E. Kudeki, B. G. Fejer, D. T. Farley, and C. Hanuise,
J. Geophys. Res. 92, 13561 (1982).

R. F. Pfaff, M. C. Kelley, E. Kudeki, B. G. Fejer, and
K. D. Baker, J. Geophys. Res. 92, 13578 (1987).

M. C. Kelley and R. R. Ilma, J. Atmos. Sol.—Terr. Phys.
103, 3 (2013).

G. B. Whitham, Linear and Nonlinear Waves (Wiley,
New York, 1974).

A. Rogister, J. Geophys. Res. 76, 7754 (1971).

A. Rogister and E. Jamin, J. Geophys. Res. 80, 1820
(1975).

R. N. Sudan, J. Akinrimisi, and D. T. Farley, J. Geo-
phys. Res. 78, 240 (1973).

A. K. Nekrasov, Y. P Kurchashov, V. N. Ivanov,
O. A. Pokhotelov, R. Bharuthram, P. K. Shukla, and
L. Stenflo, Phys. Scr. 46, 369 (1992).

A. H. Nayfeh, Perturbation Methods (Wiley Inter-
science, New York, 1973).

H. C. Morris, D. Sheil, and R. Dodd, Int. J. Math.
Math. Sci. 7, 625 (1984).

H. Leblond, J. Phys. B 41, 043001 (2008).
J. M. Fontenla, Astron. Astrophys. A 442, 1099 (2005).

J. M. Fontenla, W. K. Peterson, and J. Harder, Astron.
Astrophys. 480, 839 (2008).

C. A. Madsen, Y. S. Dimant, M. M. Oppenheim, and
J. M. Fontenla, Astrophys. J. 783, 128 (2014).

G. Gogoberidze, Y. Voitenko, S. Poedts, and M. Goos-
sens, Astrophys. J. 706, L12 (2009).

R. W. Schunk and A. F. Nagy, lonospheres: Physics,
Plasma Physics, and Chemistry (Cambridge University
Press, New York, 2000).

P. G. Richards, D. Bilitza, and D. Voglozin, Radio Sci.
45, RS5007 (2010).

. P. G. Richards, in Modeling the lonosphere—Thermo-

sphere System, Ed. by J. D. Huba, R. W. Schunk, and
G. V. Khazanov (Wiley, Chichester, UK, 2014), p. 29.

Vol. 42 No.5 2016



		2016-05-27T12:18:42+0300
	Preflight Ticket Signature




