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Abstract—The dynamic suppression of the instability of a quasi-monochromatic wave by nonlinear wave—
wave interaction is considered. It is shown that, near the threshold of linear instability, the process of decay
into two strongly damped waves leads to the onset of a quasi-periodic or a stochastic nonlinear stabilization
regime involving a small number of modes. A case study is made of the Farley—Buneman instability in an iso-
thermal magnetized current-carrying plasma in which particle collisions play an important role. Typical char-
acteristic features of different stabilization regimes are analyzed as functions of current and other plasma

parameters.
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1. INTRODUCTION

In the E region of the Earth’s lower ionosphere,
complicated processes occurring in the interaction of
the solar wind with the Earth’s magnetosphere gener-
ate an electrojet and the accompanying quasi-constant
electric field. When the strength of this field exceeds a
certain threshold value, the Farley—Buneman (FB)
instability develops, specifically, instability of colli-
sional plasma with an electric current transverse to the
magnetic field. Since its discovery more than 30 years
ago [1], the linear theory of this instability has been
well developed [1—4], which made it possible to
explain some properties of small-scale nonuniformi-
ties occurring in the lower ionosphere. Short waves
propagating nearly perpendicular to the external mag-
netic field are excited at the fastest rate. The problem
of how the growth rates and thresholds of the FB insta-
bility depend on kinetic effects, plasma thermal con-
ductivity, and plasma nonquasineutrality is still being
studied. Thus, in [5, 6] the instability growth rates
were thoroughly calculated with allowance for elec-
tron kinetics, in particular, the dependence of the col-
lision frequency on velocity was obtained. However, in
order to explain the modulation depth of the inhomo-
geneities and their other properties, it is necessary to
take into account the instability suppression mecha-
nisms. In [7, 8], it was supposed that the FB instability
saturates because of the nonlinear interaction of
unstable with damped modes and the specific nonlin-
ear mechanism was proposed. It is obvious that, since
the characteristic time scales on which the density
oscillates are longer than the cyclotron period, it is the
vector nonlinearity due to the nonlinear nature of the
electron drift motion that plays a governing role in the
relaxation of the spectrum of plasma inhomogeneities

as well as electrostatic waves in a weakly collisional
plasma [9, 11].

It should be noted that, in a weakly collisional,
magnetized plasma, drift-wave-like plasma nonuni-
formities associated with the large-scale gradients of
the plasma density and temperature can coexist with
the classical FB instability, associated with the electric
current. Although the instabilities leading to the
growth of electrostatic waves are different, the mecha-
nisms for the nonlinear interaction between these
inhomogeneities are the same as those for the FB
instability and are typical of the nonlinear interaction
between drift waves in plasma. For a plasma in which
dissipative processes play a substantial role, it seems
justified to suppose that the developing spectrum (tur-
bulence) of the density waves can be described by a
finite number of modes, in which case the developing
few-mode turbulence can be efficiently described by
the sets of hydrodynamic-like equations for the wave
amplitudes with allowance for the growth and damp-
ing effects. A familiar Lorentz attractor can be consid-
ered, in particular, as belonging to this class of systems.

Analytic approaches to calculating the spectra are
all interesting, but often contradict each other and
have to be tested by numerical simulations and also by
justifying the assumptions made, especially those
about the random phases of the waves. Full-scale
kinetic simulations run into obvious difficulties, such
as the lack of computer resources, complexity of an
adequate description of collisions, presence of numer-
ical noise, and great difference in the time scales of
particle oscillations and in the rates of nonlinear pro-
cesses. In some other papers [7, 11], it was proposed to
simulate the FB instability by using a hydrodynamic
approach and taking into account plasma quasineu-
trality. The authors of those papers had to make special
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efforts in order to solve the nonlinear equation relating
the density and potential fluctuations. In addition, the
authors ignored thermal conductivity and Landau
damping by ions—effects that come into play in the
short-wavelength range and become especially impor-
tant when a cascade develops that brings energy to the
damping region. There also are papers that made use
of a hybrid simulation method in which the electron
motion was described hydrodynamically and the ion
motion, kinetically. On the whole, it can be concluded
that, although some interesting results have been
obtained (in particular, it was shown that the FB insta-
bility can be stabilized by nonlinear wave—wave inter-
action processes), the overall picture is far from being
complete and it is not clear which regimes and which
nonuniformity spectra the plasma relaxes to.

It is therefore of interest to consider an alternative
approach to simulating the spectra of nonuniform
waves by solving ordinary differential equations for the
amplitudes of different spatial modes, i.e., by deriving
and analyzing hydrodynamic-like equations with qua-
dratic nonlinear terms in which the linear components
describe wave dispersion and also dissipative effects.
An advantage of this approach is that the simulation
results are illustrative and easy to analyze and that it is
possible to readily modify the equations by incorpo-
rating additional effects via changing the correspond-
ing coefficients and/or using a larger number of
modes. In particular, in the linear approximation,
Landau damping by ions is taken into account by sup-
plementing the equation of ion motion with the corre-
sponding linear term.

2. LINEAR THEORY

The linear theory of the FB instability was consid-
ered by using various models for describing magne-
tized plasma hydrodynamically and kinetically. In this
section, we do not pretend to give a novel analysis, but
only present the main results of the linear theory that
will be used to construct a nonlinear model. For the
conditions under consideration, the plasma can be
assumed to be uniform. In the linear approximation,

0

o-k-v,+iv,
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the properties of electrostatic waves in such plasma are
described by the dispersion relation

(1)

where ¢,(o,k) and g;(o,k) are the electron and ion
dielectric functions, respectively. The analysis is car-
ried out in a frame of reference where the ions are at
rest as a whole. Since the friction due to collisions with

neutrals at the frequency v; is strong, this frame essen-
tially coincides with the rest frame of the neutral com-
ponent of the weakly ionized ionospheric plasma.
Using the general expression for the dielectric func-
tion of a collisional plasma [12] with unmagnetized

l+¢,+¢, =0,

ions (m > = ﬁj and assuming that the ion ther-

m;

1

mal velocity v; is low in comparison with the wave

phase velocity kv; <, or, more precisely,
@+ iv| > kv, we obtain
149+ iv; | OtV
. 1 \/_ 2va Np) 2kvy
Tk Ny ; o+ iv,
"1+ Z L
\/_ 2kVT [\/_ kv j )

2
— \[ 0+ iv; _|o+iv;
(oo +iv)) kvy Vokvy ) ||
where we have used the familiar expansion of the
plasma dispersion function Z (x), which is related to

the Kramp function.

Under the assumption that the wave frequency is
much lower than the electron gyrofrequency

= e—, the electrons can be considered to be
m,
magnetized and to drift as a whole with the velocity

O <O,

v, =c[E;xB] /B2 with respect to the ions under the

action of the constant electric field E,. The electron
component of the dielectric function of collisional
plasma is then expressed as [12]

Setting kv, < 0,V,,

- -k-v,+iv,—nm
1+ e ueln(ue)z(m d e e]
_ 1 kal \VTL’ ne—o \/_zk”VTe
’ kzﬁ)e 1+ v, ief”fl () Z o—-k-v,+iv, —no, .
kal‘VTe e ! ¢ kal‘VTe
kiV% T, Bessel function.
Here, p, = W Mo = TaAnme’, and vy = m . lo—k-v]< v, andp, <1, so that

with T;and T, being the ion and electron temperatures
and n, being the plasma density, and I, is the modified
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we then arrive at the following approximate expression for g,:

- (l _ (k t;zre)zj(l + o qu‘z%: z‘ve)J

e .
1A%

{

22 .
k )”D{l_(o—k-vdﬂ'v

2
Dy

kJ_VTe)Z] 1+ ki,
o, 2
e (O=K-v,+iv,]

(co—k'vd+ive)

3

19| ;
k2 k2 v2

-2
('Oe

With allowance for the condition v, > |oa -k - vd|, this
expression can be represented as

iv,C
. 2 20
o,0—-k-v,+ivkp,C

where p, = \lﬂ/memf is the electron gyroradius and

2 2 2

the notation QI%-F yERy — has been introduced to
€

make the formulas more compact.

kS
[S1a IS

C))

In the long-wavelength range, Landau damping by
ions can be ignored, so dispersion relation (1) and
expressions (2) and (4) yield the dispersion relation

2 2

(Dp VG @pi
(%)
o, 0—K- v, +ivipX co((o+lv)
or
olo+iv;) —cik’ = (D'h(m__k vd), (6)
iv,C
2 2 2,2 2
where o), = 0,0,/0, and ¢ =(T,+T)/m. An

approximate solution to this relation that is valid for
long wavelengths describes quasineutral plasma waves
with the frequency

Kk-vs

Rew =Q; = 7
Clrw, @
For ®” > cka, these waves grow at the rate
o - [ %k’
=Imo =v,—5—— 8
YrB = Qcolh(1+‘P ) ¢))
where
Yy =1+ Yer = mk?+1 9)
Oy kL

L%
-k- vd+1v( .

v2

v K VTeJ

e

The waves are seen to be unstable when
k-v, > ke (l1+Y).

Note that, with increasing wavenumber k, the growth

rate ypp also increases as ypg ~ k’. The dependence of
the frequency and growth rate of the FB instability on

the wave vector k, || v, is illustrated in Fig. 1, which
shows the results obtained by solving dispersion rela-
tion (5) numerically and those calculated from formu-
las (7) and (8). We can see that, for k,p, > 0.1, approx-
imate solution (7), (8) is insufficiently accurate.

In studying the FB instability, Landau damping by
ions is usually ignored. However, since the wave phase
vy ke _ vy
1+¥, 6 1+v,
order of the ion thermal velocity, the damping of waves
in their resonant interaction with ions can be impor-
tant, thereby restricting the range of propagation
angles of the unstable waves. In addition, Landau
damping by ions stabilizes the instability in the short-
wavelength range [1, 13]. The effect of Landau damp-
ing by ions should be described kinetically. In a linear
description, this can be done by retaining the imagi-
nary part of g; in dispersion relation (1). In this case,
the dispersion relation has the form

velocity V,, = Q,/k = cos¢ is on the

2 2 .
) j o, (1—1i
1+— A S— i BT
0,0-k-v,+ivkip,l (0+iv)o
where we have introduced the notation
2
W+ iv; O+ iv;
| = . (11)
\/E( J (*@‘VT,J
For 035 < cof,, the plasma nonquasineutrality,

accounted for by unity on the left-hand side of disper-
sion relation (10), is unimportant, so we obtain the
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following expression for describing the wave disper-
sion properties:

k-v,(1-iy)+ io\)}—g(;[u)z -(1- X)csz}
b .12
1 =iy +-51C
Wi

w=

For [y| < 1, the effect of ion kinetics on the frequency
of FB waves is small. In this case, under the above
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assumption Re® > Imw, we find that the wave fre-
quency differs insignificantly from that given by
expression (7),
kv, (1+Imy)

1+¥,+Imy
and that the resulting growth rate is approximately

equal to the sum of classical growth rate (8) and the
rate of Landau damping by ions,

Rew

-k -v,Rey + _ Rey + V—ezg(coz - mlzhkzv%ej
’Y:Im(J): 1+‘I’0+Imx Wy, (13)
1+Y¥,+Imy
=vrg — ReoRey.

Another approximate solution (5), specifically,

2
@, 2
~ pl —
Rew = |5 k'vy, = ke,
®,
w2
y=Imo ==Lk v, —kc,) - vke,
VE

refers to ion sound, damped whenk - v, < kc,, and will
not be considered in further analysis.

The condition for the effect of Landau damping by

O+iV,
I < 1;
kv,

. k- . .
however, this case, k—vd <1+ Y, is of no interest
v,

because there is no instaBility. In the opposite limiting

0+iv, k-
o> 1, or when Va5 1+%¥,, Landau

damping by ions is also insignificant. Thus, formula (13)
implies that, in the short-wavelength range, the waves
are damped when

ions to be small, X| < 1, is satisfied when

case,

2 2,2
Reo  “oonl+¥,) 1+¥,v,

so an additional condition is imposed on the drift
velocity and, consequently, on the constant electric
field strength required for instability.

Setting [y| < 1 and Reo > Imo, we can determine
the wave energy density (or equivalently, the energy
density of a low-frequency plasma density wave) from
the general formula for electrostatic waves:

_ ORewe(w,k)ko,l waRes(a),k)\k(pk\z

Wi
0w 87 0w 8&n

For v, > o > v,, we have
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Substituting o = LA/ into this formula yields

1+Y¥,
2 3
Re@s(co,k) _ ol + ‘1’30)
0w (k-v,)
2
x|2+ Polk-v,)

Pk v,) (14 W (vipk)

Instability growth rate (13) can also be found by using
the formulas

O o w0 _ Img(w,k)
5Wk =Rej,-E;, v= aank ~ OReg(w,k)’
e

this can be verified by direct calculations.

v/ = 18.1749, k,p, =0, kp,=0.0002
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Fig. 1. Frequency and growth rate of the density waves vs.
wave vector.
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The results of the present section serve as a basis for
constructing a mathematical model of nonlinear
interaction between waves, which will be considered in
the next section.

3. TWO-FLUID MODEL

In what follows, we will consider low-frequency
electrostatic waves in a collisional plasma under the

conditions v; < 2 < v,. Such waves are described by

the two-fluid hydrodynamic equations [14]

mayvy, + VP, = —enE —e[v,xB], (14)
c
(Q+VE-V)ne+neV-ve=0, (15)
ot
§ne(ag-i-ve'V)Te+neTev've :_v'qer (16)
t
mini[g+v,‘v+v,~]vi +VP =enE, a7

Qni(aﬁ T, -V)T,- TV v, =-V-q,=V-kVT, (18)
t

with the heat fluxes

Q= K<V T, 4, = —{V,T, - VT, ~ bx V,T,,(19)

0 ) TZ 1 o 1 e
+v,-V|In=¢ = —V VT, + —V «V,T,.(20
(az n T, T nTlLL()

e e e e e
Here, ¢ is the electrostatic potential, #, ; are the elec-

tron and ion densities, and v, ; are electron and ion
fluid velocities. For a plasma with infrequent colli-
sions, the electron and ion pressure tensors, P, and P,
are scalars, P,; =n, T, ;, and the temperatures of the

e, i
ion and electron components of the plasma differ
insignificantly from the temperature of its neutral
component. For the lower ionosphere with a neutral
density of n, ~ 10! cm—3, a situation is typical in which
the behavior of ions and electrons is governed by their
collisions with neutrals at the frequencies
v, =6;n,vy ~ 300 and v, = 6 n,vy ~ 30000, respec-
tively. Under the condition

& > 3Geav7;7—;3/2\/ze

n, 42re'ZA

2
= ﬂﬁ_e% ~ &1014% T, | 10
Z,.A(e_z) ZA eV
T,

the electrons collide with ions more frequently than
with neutrals; i.e., the electron collision frequency is

Vv, = rgl Z\/_A , Where v, = E, A is the Cou-
9\/% ND m,
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4t 3

_4n Tf —rpn, is the

3 ‘e
number of particles in the Debye sphere. For definite-
ness, we will restrict ourselves to considering only this
situation, in which the electron thermal conductivities

nTz, 3247nT\;e and x _5nTe'
m, m,m,, 2m,m,,

lomb logarithm, and N, =

are K” =3.2

It is also necessary to take into account the large-

scale electric field E,, which maintains the mean elec-
tric current in a direction transverse to the magnetic

field. To do this, we set E = E, — V¢, where the poten-
tial @ satisfies Poisson’s equation

A =4ne(n, — n; — ny), (21)

which closes the above set of equations. We distinguish
between two ion groups: main ions with the density #,

and resonant ions with the density n,., < |1, —ny,
which are responsible for Landau damping and the
motion of which should be described kinetically. The
resonant ions satisfy the continuity equation

0 1 .
TN T _ev " Jres
and Ze is their charge.

Under

= 0, where j,., is their electric current

the conditions adopted here

(Q <V, K oae), the electron motion can be described

in the drift approximation. It is convenient to intro-

duce a new potential, ¥ =¢ —ye—TelnPe =Q-

e
LK%JF% , VE _E,—v¥. The
e\T, n, en

electron velocity then has the components

V= L(@P _ l%j - La_lp, (22)
my,\ 0z n,0z) my,0z
Vo=V [BxV‘P] mVI;}vae]
‘ (23)
= Vd +

Llzxvy]-Ye + &Yy
B[ ] (De[ZXVd] Bo 1

e

where v, is the transverse drift velocity in the large-
scale electric field and z = B/B. The total derivative is
given by the relationship

Q+ve.V:Q+La_lPQ+Vd VL

ot ot my, 0z 07

—%[V‘I’ x V] + %va WV,

so Eq. (15) for the electron density can be represents as

PLASMA PHYSICS REPORTS Vol. 36 No.5 2010
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[Q +v,- VLJ% + £ [Vinm x V]
n B ¢

ot
2 A2
+£ Vl+(’°—a—2 b 4
B(D veaz

[w Van Ve c[ojaw
B 2

(24)

Sn
n

—=+V
n o, B L

v, 07 07
It is easy to see that the main nonlinear term in these
on, V‘I’}

equations is estimated by ~E[
x4

Estimates of the nonlinear terms in the equation of
ion motion show that, for ® > «;, the nonlinearity of

the motion can be ignored, so we can set
(aQJrv,--V):aQ. Indeed, comparing between the
t 1

characteristic time scales of the nonlinear motion of
the ions and electrons,

1 _[vi-V)vj ~ kiv) ~ ke
T; \2 mao
[Vinx V(P]‘
~‘—~—[k x k] p ~ [k'x k] 2,
Te n eB “m;
L1 for Okxk] > kk'
T T ;

we can see that the first time scale is much longer than
the second. Consequently, in the fluid approximation,
the dynamics of the main ion component can be
described by the equations

00m _08n_ _y.y _ v (25)
ot ny Otn
and
[Q-FV,-]Vz(D:[Q"‘Vi]V'Vi :V[ V(P__VP]
at 61 m; mn;

or by the equation

vz[[aw}me‘h (ST S”H 0, (26
ot m m\T n

where @ is the ion velocity potential, defined by
v, =VO.

As regards waves with wavelengths much greater
than the Debye radius, there are grounds to assume
that the waves are quasineutral, n, = n, = n (see, e.g.,
[7]). In the linear approximation, this assumption is
almost obvious, and conditions for the applicability of
the quasineutral description are easy to check. In what
follows, we will assume that the plasma is quasineutral
in the nonlinear regime as well, keeping in mind, how-
ever, that, when the density perturbation grows to large
amplitudes, the plasma can become nonquasineutral
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and the description of waves should be refined accord-
ingly.

When the deviation from quasineutrality can be
ignored, 6n, = 6n; + n,, = dn + n,, the condition for
the electron and ion motions to be consistent,
0 1 .
a(ane _ani - nres) =V I’l(Vi - VE) + Xl’lov “Jres = O!
imposes the restrictions with which to determine the
potential y. In fact, comparing Eqgs. (25) and (24), we
arrive at the consistency condition

oY
(VL‘P+(‘) 2) %[V‘I’xvllnn]Z

Bwe v, 07

+(vy ~Vl)@—ﬁ[vdxvl]@+ [V‘valsn}
n n B

n
(27)
LLVely . on l‘{’-l—w 0 déno¥Y
Bo, n vioz n oz

e

1

Ve
Zeno res:

j VD + ——
which does not contain time derivatives and is thereby
nonevolutionary.

If we ignore thermal conductivity
n

i
the interaction of waves with resonant particles, then
we obtain the set of FB equations (the classical FB
model)

e _ 2@j and
T,

6611

EV 0, 28
6tn m; (I) 23)
[Q 4 Vi]d) e, 5T;dn _ , (29)
ot T, 3T,n
\FB VLS + 0P, {Vln(n0+@)xvg}
n T,
: (30)
202 \e¥ T, o2
+vp. |V +—————2V ,
P( L vioz jT . 0
e _e¥  Son (1)
T, T, 3 n

e e

In this set, only the third (nonevolutionary) equation
contains the electron nonlinearity. Above, we have

introduced the normalized potential ¢ = —— m® .In k

e
space, we can use the expansion én/n = an expik -r

to represent these equations as

0 2,2
=n, =c,k O, 32
o i (32)
0 ] 5T, + T,
V|0 + g 2, =0, 33
[61‘ Or + Wi 3T 7 (33)
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Vg K + icoepﬁ[Vln Ry X k]z\Vk — VPG + ok,

(34)
—- 0p] V2 vy .
n Ik
where y = e¥ and cf = E
e m;

The classical FB model was used by Otani and
Oppenheim [8]. In the linear approximation,
Egs. (32)—(34) can be reduced to the equation

o . ]
—+iv,-k, |n
[at d Ky |ng

.2 252
Vi k| -
zlmepe[ nny >2< 2]z Vekj_peCHQ + V,’]Q + cfkﬂnk s
Xk ot

(35)

ot
which yields the dispersion relation
@, pdVInn, xk]_+iv kip.G
2,2
c.k

x[m(co+ivi) —cfkq.

(D_Vd‘kl:

(36)

The solution to this dispersion relation was obtained in

the very first papers (see [15]). For VInn, =0, this
solution was considered in the previous section.

In the short-wavelength range, the equations in
question should be refined in order to correct their
main drawback, specifically, the presence of linear
instability at arbitrarily large values of the wave vectors
(see above). This should be done by taking into
account the resonant interaction with ions (Landau
damping) and also the electron thermal conductivity,
which changes the properties of waves at large k values.
In this case, in the quasineutral approximation,
Egs. (32)—(34) should be supplemented with the ther-
mal conductivity equation, which can be written in
terms of variation in the electron entropy,

3

s, =l 55, -5, OTe_20m
n, T, 3\n
in the form
0 ) 22 22107,
= +v,-V|s, =V, |0, AV, +a,p.V]|—=5, 37
(6t ( AVt Ol LjTe (37)
or in k space,
[Q +iv, -kl]sk = 2vekip§a(nk + 54, (38)
ot 3
242
whereoc:ocel+ocezw—§—zzand
ekJ_
y=o¥_ep_5on 2, ep_,  Sn 2
T, T, 3n 3 T, 3n 3
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In the linear approximation, we introduce the nota-
——1 and cf _SI+T, to arrive at the set
m;

of equations

0 ]8 2 2} 2 2[ 2 ]
=+ V| = +ckn +ck +=5,=0,
[az ot ¢ Vit 3o

{% +ivy 'ki]nk = Vekingww (39)
0, . 2,202 ) 2,202
—+iv,-k, —=v kip.als, ==v K p.an,,
(81‘ a K173 P kT3 1PONy
which yields the dispersion relation
QQ+iv,) - clk’
4 202
_ g =0 vy k) Py Vekipeo (40)
—Ce k202 * 2 202
Ve J_peCJ Q_Vd'kL_lgvekLpea
or
QQ+iv,) —[cf —%cf}kz
) 2 (41)

ivec Q—Vd'ki—l'g\/ekipg(x '

We can see that the thermal conductivity does not
come into play when

Q-v, -k, > %ivekipgoc,

or, according to approximate solution (7), when

For kips ~k -v,/V. < 1, the instability is suppressed.

4. WEAK INTERACTION APPROXIMATION

In [7, 11], the FB instability was simulated based
on a quasineutral hydrodynamic model. The authors
of those papers had to make special efforts to solve the
nonlinear nonevolutionary equation relating the fluc-
tuations of the density and potential. It was mentioned
above that, in considering small-scale waves, it is also
necessary to account for Landau damping by ions as
well as the electron thermal conductivity. The mathe-
matical model can be further simplified in such a way
that it will be capable of determining the wave spectra,
while capturing all important features of the wave
interaction. Indeed, linear instability theory implies
that the rate at which the waves grow is much less than
their period, so it is natural to assume that, when the
instability is suppressed, the reciprocal of the charac-
teristic time scale on which the waves interact is also
much less than the wave period. Consequently, we can

PLASMA PHYSICS REPORTS Vol. 36 No.5 2010
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seek the solution in the weak interaction approxima-
tion such  that  n =n(f)exp(-iQ) and

an () < un (7). This approach, which is similar to

that used by Volosevich and Galperin [16], makes it
possible to substantially reduce computational diffi-
culties because it reduces the problem to that of ana-
lyzing the set of equations for the slowly varying
amplitudes of the density waves.

Hence, we substitute n, = n, (f)exp(—i€2;¢) into the
equations following from the complete set of
Egs. (32)—(38) in the Fourier representation,

—~n, = cekz S 42
at k (I)k ( )
0 ] 5T,
=+ v, + +==Lp, =0, 43
Zovjocrosiln “3)
[Q +ivy 'kJ_]nk = Vepngz_C\Vk
ot
+%P§ z [kl x kZ]ZKsznkl - Wklnkzj (44)
k=k, +k,
2
+%p§ z [m—skzzklz +Kky, - ku]nkl\llkz )
K=k +k,\ Ve
[Q + in . kL - 20(\/ekip§}.5‘k = 20~Veka_p§nka
ot 3 3 (45)

5 2
=y, +2m +5s
Or = Wi 3 k 3 k

and, in the weak interaction approximation, systemat-

ically eliminate the quantities ¢, ¢,, and s, in accor-
dance with the formulas

o 2)
—|-iQ, + =|n,, 46
[0 cezkz k o k (46)
g = —ggnk —[—iQk +§+v,](l)k
5T, el “47)
=—=ip + Q; +iQ [2 +V,Dn ,
3T, ¢ 2 2[ A P g
i%avekipﬁ
Sk = 2 22
Qk_vd kJ__i OLVekJ_pe
3 (48)
0
x| n, — Tk
k 2 2 2
Q,—vy, kL—zgaveklpe
Inserting
Ve =0 —én _23
k kT3 T3S
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Qe +iv) 5(1+ gj
T,

csz 3
4
l§avekfp§

Q-v, k- igowekipg

i‘—‘ow k2p2
+2§2’§+ 9 s ei—ny
c.k .2 2 o | ot
€ Qk—vd-kl—lgowekLpe

into Eq. (44), we then arrive at the equation

o .
——iQ,-v,-k
[ﬁt l( Kk~ Va L)]nk

= Ve 4, (Q +iv,) - 2K

O
Yoy k2p?
.2 2 o K
Qk _Vd 'kj_ _lgaveklpe
(49)

v i‘—‘avekipﬁcsz
+—20:20, + i=n
colzhC « at ~

o) 2
{Qk -v,- k| —igavekipﬁ}

"‘%Pi z [kl X kz]z [\sznk, - \Vk,nkzj

2 K=k +k,
A% (D2
+Eepi Z [_gkzzklz +ky - leJnkl\sz‘
k=k +k," ¢

The assumption that the interaction is weak implies
that (note that €2, are real!)

Q—v, k.

22
_ %CRe{iQk (Q +iv;) — ik
4 2222
_avekipecek

+ 9

Qk - Vd N kl - l%OLVekipi

Lo onkikp!
= V; CReq—CQv; + 3 ,
(N Q, —vd-kl—igowekipﬁ




398

which coincides with the expression for the real part of
dispersion relation (40). Introducing the notation

V| Qp (Qy + iv; —cfk2
2, —ctml: (@ (+iv) )
O
Savikiip!
+ 3 < Q
Qk—Vd-kJ_—lSOLVekf_pi

and ignoring the small components proportional to
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on _

ot
+2 N Gk, ko), expi(Q — Q — Q)1

k=k +k,

(vx +i8C ) ny

Here, y, are real. Taking into account the dependence
on the fast phase yields the following nonlinear equa-
tion for these amplitudes:

0, . o,
[_ + le - 'Yk]nk - — z G(kl,kz)nklnkz.
ot 2

k=k,+k,
The quantities in this equation are given by fairly com-

5 plicated formulas:
~—=n, in the nonlinear terms, we obtain the sought-for
l . _ Zk
Y + lBQk = A—,

equation for the amplitudes of the density waves: "

i2av.onkkip!
A =1+ieg) 20, + 9 1,
(Dlh Qk _Vd'kl_lgavekipg
1 - iialVewlzthklzlpj
51D (Q, + Vi) — k] - 9
2k2 1 1 2 2 2
2 e™l Qp, — vy K —iZovekip,
_ pelk; x kz]z : 3
G(kl,kz) - 4 .4 2,2,2 4
k 1 R =0,V Wipkaksp, (50)
———<Q, (Qk +iv,~) —ciky —
2 2\7 0 .2 2.2
CoKy ka -V ‘k2 —l§a2vek2pe
v, oo
+——p, [_gkzzklz +ky, - ku}
Ak(’)e e
4 2422 4
1 5 l§alve®1h 1K11Pe
) le (le +I.V[-)—kal — D)
Cekl le —Vd ‘k] —lgalvekﬁps
8 4
| ' 5 i‘az\’emfhkzzkzzpj
+ﬁ ka (ka + lV,-) - cskz - 2 ) 2
e2 ka _Vd ‘k2_i§a2vek2pe
Let us write out approximate expressions that are valid AV,
in the region where the thermal-conductivity-induced Ay =1+i2 o C=1
corrections are unimportant. From formulas (50) we Ih
correspondingly obtain polk; x Kol (Q (Q +iv,) [, +iv))
Glky, k2) = 2,2 - 2,2
O, ~_Yd -k, Ay Coki ks
kK — " . . 7
1+ Vivgpgc _ pg[kl X kz]z Qi] _ lefz
g A ekl )
v,[QF — ik’ plk xk,] (Q2 2
Vie=Zp= CQ, Glkyk,) = Gk, ky) = y : 2k]2 - 2k22 :
Oy x c.ki ¢k,
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Fig. 2. Calculated time evolution of the normalized amplitudes of the density waves for y; =1, y, =—2.3, and y3 = -5.1.

The latter equation describes the evolution of the
spectrum of the density waves during the development
of the FB instability with allowance for the nonlinear
wave—wave interaction. The FB instability can be sta-
bilized by the efficient mechanism for energy transfer
from unstable waves propagating inside the cone to the
strongly damped waves outside the cone. This energy
transfer can be provided by a cascade of three-wave
processes that is accompanied by a decrease in the
wavelengths and brings energy to the region of strong
Landau damping by ions. However, the energy can
also be transferred to the damping region in a shorter
way: in the three-wave processes, the unstable wave
can transfer its energy directly to the damped waves
[17]. Let us consider three waves the interaction
between which is described by the following set of
equations (k, =k, + kj):

d . ] &

= +iQ, — v, |n, = =2Gky,k3) nyn3, 51
[at 1= Y1|M ) (2 3) M3 (5D
[Q + IQZ - 'Y2]nz = %G(kb_k:i)nln;k’ (52)
ot 2

0 . ] w *

_+IQ - n :—EG k,—k nmn, . 53
[at 3= V3|3 ) (1 2) 152 (53)

The three-wave interaction process can be highly effi-
cient under the synchronization condition
Q=0Q,+Q, (54)
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This condition alone is insufficient, however. The rea-
son is that the efficiency of the nonlinearity can be low,
G = 0, because of its vector nature: if the waves are col-
linear, then it is necessary to additionally require that
the coefficients G be large. It is easy to see that the nec-
essary conditions are achieved, e.g., when
ky, = —ks, > k;,, in which case we have
[k; x kz]z = (k2xk3y - k2yk3x) ks, (ka + k3x) = ky ki,
and [k x K] = (kpkyy — koyki,) = kyyky,; that s, all the
coefficients are of the same order of magnitude and
the equality k,, + k3, = k;, ensures that synchroniza-
tion condition (54) is satisfied with good accuracy.

Assuming that the amplitude of one of the waves
(that with k) is much greater than the amplitudes of
the two others, from Egs. (51)—(53) we can conve-
niently obtain the following relationships for the decay
instability:

(O] * %

(F - vkz)n/i‘l = ?ekgngmnknnk,’
[0

(F - Y/q)”k1 = j kl2pe2zG02nk0nl>(k2a

(F - Ykz)(r - Ykl) = %kzng%kfng(ﬁGoz‘nko

‘2
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Fig. 3. Numerical solution for y; = 1, y, = —3.3, and y3 = —6.1: periodic regime of nonlinear suppression of the instability.

In particular, these relationships yield the threshold
condition for the development of the decay instability:

2
2 w
| = j{ kypokipiGiiGoy
ko V Ky
o [kix kz]iklzkzzpiv_ﬁ
Yk, (1 + lI’o)z Cj'

Numerical investigations of the solutions to the
equations show that, under certain conditions (see
below), the FB instability can be suppressed by a non-
linear (three-wave) mechanism. It can be seen that
there exist different nonlinear regimes of the instabil-
ity. Figure 2 illustrates the results of solving Egs. (51)—
(53) numerically fory, =1, y, =-2.3,and y; = -5.1.
Note that simulations were carried out with the quan-

tities normalized so  that %G(kl,—kz) =

%G(k,,—kﬁ:%G(kz,kﬁ. Under these conditions,

after several wave periods, the instability relaxes to a
steady nonlinear regime, in which the amplitudes of
the density waves remain essentially unchanged.

Another regime of nonlinear suppression of the
instability is exemplified in Fig. 3, which presents the
results of numerical solution of Egs. (51)—(53) for

vi=1, y,=-3.3, and y; =-6.1. In this case, the

instability relaxes to a periodic regime of nonlinear
waves in which the energy is regularly exchanged
between the modes.

Finally, Fig. 4 shows the results of numerical solu-
tion of Egs. (51)—(53) for vy, =1, y,=-3.3, and
v3 = 7.1. In such circumstances, the instability relaxes
nonlinearly to a stochastic regime in which the waves
are irregular and exchange their energy in three-wave
interactions.

Mathematically, the above patterns of the instabil-
ity saturation correspond to an attractor of the solu-
tions to Egs. (51)—(53); moreover, under certain con-
ditions, we deal with a strange attractor, as in the case
of stochastic regime. It should be noted that, accord-
ing to numerical solutions, the attractor does not
always exist; that is, for certain values of the parame-
ters of the system, the solution increases without
bound with time and it may be that, for a particular
choice of the wave vectors of the satellites, there will be
no nonlinear stabilization. That this can be the case is
especially obvious when the vectors for all the three
waves are chosen to be collinear, i.e., when

%G(kl, —k;) = 0 and the system becomes nonlinear. It

is of interest to note that, in some cases when the insta-
bility does not saturate nonlinearity with time, there
nevertheless exists a fairly long time interval during
which the waves intensively exchange energy with each

PLASMA PHYSICS REPORTS Vol. 36 No.5 2010



NONLINEAR REGIMES OF FARLEY-BUNEMAN INSTABILITY

401

30
<

I 20
=

L10f
=

0= ! ! 1 ! ! 1 ! | 1 |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
1
Fig. 4. Numerical solution for y; = 1, y, = —3.3, and y3 = —7.1: nonlinear saturation of the instability of the density waves in the

stochastic regime.

other and the unstable wave grows very slowly. In view
of the approximate character of a few-mode descrip-
tion, this situation may serve as a piece of evidence for
stabilization by the three-wave interaction.

5. CONCLUSIONS

In considering the problem of whether the FB
instability can be suppressed by nonlinear three-wave
interaction processes, it is possible to develop an
approximate description of the dynamics of the system
on the basis of a set of hydrodynamic-like equations
for the wave amplitudes, even though the dissipative
processes play a substantial role. These equations,
which are similar to those describing the nonlinear
interaction of waves in collisionless plasma, are natu-
rally derived from the equations of motion of a fluid
(plasma) by expanding the physical fields in spatial
modes. The model that makes a quasineutrality
assumption but does not assume that the wave—wave
interaction is weak could also be regarded as belonging
to the same type if it were not for the presence of non-
evolutionary coupling. This coupling, which cannot
be resolved in the general case, leads to a more
involved, nonquadratic nonlinearity, so the analysis
becomes far more complicated and the description
loses its universal character. On the other hand, if the
quasineutrality assumption is ruled out, then eliminat-
ing the electric field potential with the help of Pois-

PLASMA PHYSICS REPORTS  Vol. 36
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son’s equation again leads to hydrodynamic-like
equations. These equations, however, have large coef-
ficients and as such are more difficult to solve under
conditions close to quasineutrality, a case in which
large terms in physically meaningful solutions should
be canceled out. Hence, the proposed description of
the nonlinear interaction between FB waves seems to
be optimal for numerical analysis.

Our investigation of the nonlinear instability satu-
ration by the three-wave mechanism has revealed dif-
ferent types (regimes) of the dynamics of the system.
Each of the regimes corresponds to an attractor of the
solutions to the corresponding set of differential equa-
tions. Numerical simulations for the case of three-
wave interaction in a system with given parameters
show that, if the attractor exists, then it is unique. Of
course, this conclusion, which was obtained in simu-
lating only few cases, has to be justified in more detail.
Yet, given this hypothesis, we can conclude that the
suppression of instability in a three-wave system ends
with a certain state that depends exclusively on the
physical plasma parameters and on the wave parame-
ters (vectors). It seems reasonable to suppose that,
slightly above the instability threshold, the number of
waves required for an actual description of the system
may be larger, always remaining finite, however. As in
the case of three waves, we can anticipate that there
exist attractors representing stabilized states with a
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finite number of modes. The problem to be addressed
in a future study is that of clarifying whether there can
exist several attractors or, equivalently, several differ-
ent stabilized states of a system with the same plasma
parameters. Another important problem is that of
determining the wave parameters and the optimum
number of waves with which to provide the best repre-
sentation of the perturbed plasma states as functions of
the drift velocity of the electrons with respect to the
ions and also of such parameters as the composition,
density, and temperature of the plasma.

[\S]
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