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The possibility of formation of lower hybrid cavities in plasma of the terrestrial ionosphere and magnetosphere
due to the interaction of plasma with inhomogeneous axially symmetric electrostatic turbulence is investigated.
Heating, turbulent diffusion, as well as the drift of ions due to the radial inhomogeneity of electrostatic turbulence is
considered. The equation determining the evolution of the plasma distribution function as a result of these effects is

obtained. Stationary solution of this equation is found.
PACS: 52.35.Ra, 52.35.Mw

INTRODUCTION

Lower hybrid cavities (LHC) are the phenomenon
that is often observed by satellites and sounding rockets
near the auroral zone of the topside ionosphere and
magnetosphere of the Earth [1 - 6]. LHC are the local-
ized cylindrically symmetric regions in ionospheric and
magnetospheric plasma, elongated along the geomag-
netic field which are characterized by an increased level
of electrostatic lower hybrid oscillations in comparison
with the background plasma, increased ion temperature
as well as depletion of the plasma density. LHC have
dimensions across the magnetic field of a few ion Lar-
mor radius and the dimensions along the magnetic field,
considerably exceeding their transverse ones. As an
explanation of this phenomenon several authors have
proposed that LHC are the result of modulation instabil-
ity and self-similar collapse [7 - 10]. However, it was
shown in [11] that the theoretical conclusions do not
correspond to the statistical properties of most of the
observed cavities.

In this paper we propose a mechanism for the for-
mation of cavities in plasma, due to the effect of the
interaction of charged particles with the electrostatic
turbulence of plasma. In the Earth's ionosphere upflow-
ing and downflowing beams of charged particles are
observed. It is known that the passage of charged parti-
cle beams through plasma leads to various instabilities
and to the turbulent state of plasma. In turn, the turbu-
lence of uniform plasma is the cause of the change in its
distribution function, that is, the heating of plasma.
However, in addition to heating, electrostatic turbulence
can also lead to the diffusion of plasma particles. Such
motion of charged particles is similar to the motion of
Brownian particles, which is caused by collisions with
molecules of a liquid. Charged plasma particles (ions or
electrons) "collide™ with chaotic pulsations of the elec-
tric field, which leads to diffusion motion. If the elec-
trostatic turbulence is spatially nonuniform, then in ad-
dition to the diffusion process, the drift motion of the
plasma particles induced by the ponderomotive force
also occurs, which leads to transport of particles from
region with an increased level of turbulence. We inves-
tigate these processes by analyzing the motion of single
particle; determine the rate of change in the averaged
values of the square of the particle's velocity, and also
its radial coordinate. We neglect the influence of the
magnetic field, assuming the frequency spectrum of the
electrostatic turbulence to be sufficiently high frequency
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in comparison with the cyclotron frequency. Since the
frequency spectrum in cavities is located in the region
of the lower hybrid frequency, we will consider the mo-
tion of only ions. We use the obtained quantities in the
Fokker-Planck equation and find the stationary solution
of this equation that will give the final radial distribu-
tion of the plasma density.

1. HEATING AND DIFFUSION

In homogeneous plasma we consider the region with
an increased electrostatic turbulence in comparison with
the background plasma and having axial symmetry. We
assume that the turbulent state is the result of instabili-
ties arising when a cylindrically symmetric beam passes
through plasma. The resulting turbulent pulsations of an
electrostatic field lead to perturbations of the trajectories
and the thermal velocities of charged plasma particles
passing through this region. To determine the effect of
electrostatic turbulence on the trajectory, we solve the
equation of motion for the perturbed value of the veloci-
ty v of ion

dav e =
E:EF(V)E(H)’ 1)

where e and m are the charge and mass of ion, E(F,t)
is the electric field strength of electrostatic turbulence,
far from the region with a high level of turbulence,
F(r) is the envelope of turbulent electric field. It is
assumed that F(r) have a maximum at r=0 and
F(e0)=1, so F(r)>1. Equation (1) is a stochastic dif-
ferential equation with random force acting on the parti-
cle. For random velocity changes from (1) we obtain

V(t):%F(r)j E(F )t @

where t =t is the time when turbulence appeared. Find
the rate of change in the mean square velocity. Multiply

(1) by (2) and average this product over a large time
interval

<vz_¥> :%ﬁ =;—22Fz(r);[<I§(F,t')E(F,t)>dt'. @)

Suppose that a turbulent electric field satisfies the
following conditions

<E(F,t)> =0, <E(F,t')E(F,t)> - <E2(r,t)>5(t' ~t), (4)
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that is the electric field at a time t is assumed to be
completely uncorrelated with it at any other time (white

noise). Here <E2(F,t)> is the average value of the

square of the amplitude of electric field strength far
from the region with a high level of turbulence. Substi-
tution of (4) into (3) yield

d v2 2
—<th ) - E R E ), ©)
The solution of (5),

()= (@)+ S eErg,  ©

shows that the mean square velocity, in fact the ion
temperature, in the region of an increased level of elec-
trostatic turbulence increases linearly with time. In (6)

<V_§> is the initial value of the mean square of the ve-

locity of ions before the appearance of turbulence, that
is, the corresponding value for the environment plasma.

Now we find the value of the random displacement
F(t) of the particle, by integrating the expression (2)
twice

J.é'\?dt ”E t\dtdt’ (7)

to to
and then obtain the rate of change in mean square dis-
placement multiplying (2) by (7) and averaging over a
large time interval

< @}dr()

dt

<”E ") dt"dtjE F t)dt> ®)

ol
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Write E(F,t) in the form of a Fourier integral

(1)~ [EC.olol-iotdo. @)

Substituting (9) into (8) we get

tt o
><<”I F,o)exp(— |a)t)da)dtdt;!:Ert)dt . (10)

to tg —o

Now we integrate (10) with respect to t twice

() LSTAN

1
2 dt m?
y <]Ei’2w)exp(— ia)t)da)J. E(F,t')dt'> . (1))
N T fo

It is obvious that the spectrum of oscillations of the
electric field is not infinite, but is determined by the
processes responsible for the turbulent state. If we as-
sume that the width of the spectrum of the electric field

132

oscillation is Aw, then we can approximately consider
that in the integrand @ =~ Aw and then write

. d<W> @

2 dt mAw

<IE F,m)exp(- |wt)dij Ft')d > (12)

Performing in (12) the inverse Fourier transfor-
mation we get

1 d<W> e?

Fz(r)x

t
~_ 2 ~ (= = (= 41 ’
A SR (r)J<E(r,t)E(r,t)>dt . (13)
0
Taking into account (4), we finally obtain
a(r ()
1
~— E%(F,t 14
2 dt 2m2A zF )< i > a4

Relation (14) is the diffusion coefficient of the ion
component of plasma in a turbulent electric field. We
note that the diffusion coefficient in the region with an
increased level of turbulence is higher than in the envi-
ronment, which leads to depletion of the plasma density.

2. DRIFT MOTION OF PARTICLES

Let us now consider the drift motion of ions due to
the ponderomotive force, which is induced by the radial
inhomogeneity of electrostatic turbulence. Ponderomo-
tive force affecting on the particle in the case of an in-
homogeneous coherent electric field E oscillating with
the frequency o is equal

e’ 2
)

Now we obtain the equation of motion of ion with
the ponderomotive force in the case of a radially inho-
mogeneous electrostatic turbulence. We start from the
equation of motion of ion along the radius

m%_eF( NE, (7 1),

where E,(F,t) is the radial projection of the electric
field strength. We represent the coordinate of ion as the
sum of its initial radial coordinate r,, as well as the os-
cillatory ¥ and drift T changes of this coordinate.
r=r,+r+r, 17
where T means the change in the mean value of the
radial coordinate of ion over a long period of time,
F=(r)—r,. Assuming that T <<T <<r, we can use

(15)

(16)

Taylor expansion on the equation of motion about r,.
Substituting (17) into (16), we obtain

m% —e(F(r)+FVF(L)E (FY).  (18)
For the oscillating part of the trajectory, we obtain
m ‘ltf —eF (1, )E, (7 ). (19)

Equation (19) is the radial component of equation
(1) and therefore has the solution (7)
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” dt "dt

0-tei e

tto
Writing E, (F,t) in the form of a Fourier integral (9)
for T(t) we get

rt)=—
Integrating (21) with respect to t twice yield

7(0)= £ Fle) [ 5T athio «

(20)
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© () oL
Now we average (18) over a large period of time

d’r
m-7 = eVF (o XF()E, (F.t).

(22)

(23)
Substitute (22) into (23)

me T & (VR E (FOE, (1)

dt mAw? ° oA
and use the condition (4)

d’r e’

M= VF *(LXEXF L) 1), (24)

Thus, we have obtained the equation for the drift
motion of ion due to the effect of a nonuniform turbu-
lence field. The expression on the right side of the equa-
tion (24) is a ponderomotive force which is the effect of
the radial inhomogeneity of electrostatic turbulent field.
This force in contrast to coherent oscillations (15) is
proportional to the delta function. This is due to the fact
that the affecting of this force occurs only at certain
instants of time, corresponding to the moments of “col-
lisions” of particles with random pulsations of the elec-
trostatic field.

Integrating (24), we obtain the velocity of the drift
motion of ion along the radius

o _pd e
dt . dt? AmiAw?
0

F*(r XE(F1). (25)

Since VF2(r,)<0, meaning that the level of turbu-

lence decreases with the radius, we have that ((jj_;> 0

and thus the ion drift occurs from the center of the re-
gion with an increased level of turbulence.

3. STATIONARY DISTRIBUTION
OF PLASMA DENSITY

The evolution of the distribution function f(r,t) as

a result of diffusion as well as the drift motion of ions is
described by the Fokker-Planck equation

of(rt) _ _%g(rA(r)f (rt)+

ot
. i aar (r Bgr) of (r,t)j,

or (26)

where A s the drift velocity along the radius, B/2 is
the diffusion coefficient. Above it was obtained that
diffusion coefficient is (11)
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E_1d<W>~

= ~ E( 27
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and drift velocity is (24)
dar
=— —VF r, E rt 28
dt  4m’A’ °>< > (28)

Now assuming that the evolution of the distribution
function after a long time is over we obtain a stationary
dependence of the plasma density n(r)=f(r) on the
radius by setting in (26) the derivative of the distribu-
tion function with respect to time equal to zero

1d 1d( B(r) dn(r))
—=—(rAl =0. (29

r dr(r (r)n(r))+ r dr\r 2 dr 0.9
Integrating (29) with respect to r yield

— A(r)n(r)+ #dg—(rr) =0. (30)
The separation of the V?ri)ables in ((3)0) gives
dr dn
3(1)  nlr) o
Substitution of (27) and (28) into (31) yield
dF( )< r(r t» ﬁ (32)

F(r) <E2(r,t)> n’

Assuming that (Er(F,t)>/<E2(F,t)>:l/3 and inte-
grating (32), we obtain

n(r):L.

Fl/3(r)

We choose the integration constant C using the

condition n(w)=n,, where n, is the plasma density far

from the region with increased turbulence. To the same
value the plasma density was equal in this region before
the appearance of turbulence, that is, when t<t,. So

we get C =n, since, as we suggested, F(c0)=1. Final-

ly, we obtain the distribution of the plasma density after
a long time from the occurrence of turbulence in homo-
geneous plasma

(33)

nU
n(r) ZEnt (34)
In accordance with (34), the minimum plasma densi-
ty is reached in the region with the maximum level of
electrostatic turbulence. Thus, in a region with an in-
creased level of electrostatic turbulence, the plasma
density cavity may be formed.

CONCLUSIONS

The up flowing and down flowing beams of charged
particles in the earth's ionosphere that are observed near
the auroral zone can lead to the formation of regions
elongated along the geomagnetic field with an increased
level of electrostatic turbulence. The turbulence of
plasma leads to the heating as well as diffusion of plas-
ma. In addition, due to the spatial in homogeneity of the
turbulence, a drift motion of the plasma particles di-
rected from the region with increased turbulence arises.
This leads to a decrease in the plasma density in this
region. It is established that in the steady state the plas-
ma density and the level of turbulence are related by the
condition (34) that can also be written in the form
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®OPMHUPOBAHUE MOJIOCTENA B MOHOC®EPHOM TJIABME
BCJIEJICTBUE JIOKAJITM30BAHHOM DJEKTPOCTATHYECKOM TYPBYJEHTHOCTH

.B. Quoucos

HccmenoBana BO3MOKHOCTE 00pa30BaHUs HIKHETHOPHIHBIX TOJIOCTEH B IIa3Me 3eMHOW HOHOC(EpPHl 1 MarHu-
ToC(epsl BCIEACTBHE B3aUMOJCHCTBHUS IUIa3MBI ¢ HEOIHOPOIHOW aKCHAIBHO-CHMMETPUYIHOM 3JIEKTPOCTAaTHICCKON
TypOyJIeHTHOCTBIO. PacCMOTpEHBI Mporiecchl HarpeBa, TypOyJIeHTHOH muddys3un, a Takke npelia HOHOB BCIeH-
CTBHE paIMaJIbHOI HEOHOPOAHOCTH AIIEKTPOCTaTHUECKOI TypOynenTHocTu. [loxydeHo ypaBHeHuUe, onpeaessonee
SBOJIOLMIO (DYHKLIUM paclpesiesieHus TIa3Mbl 10 pajuycy B pesyibrate 3Tux 3ddekros. HaiineHo crannonapHoe
peIIeHHe ITOTO YPaBHEHHUS.

®OPMYBAHHSI IIOPOXKHHMH B IOHOC(I>EPH.!I71 IJIA3MI
BHACJIIJOK JIOKAJII3OBAHOI EJIEKTPOCTATHYHOI TYPBYJEHTHOCTI
JI.B. Yibicos

JlocikeHO MOKIIMBICTh YyTBOPEHHS HU)KHBOT1OpUIHUX TOPOXKHUH Yy TL1a3Mi 3eMHOI i0HOC(epH 1 MarHiTocdepu
BHACJIJIOK B3a€MOJIT IJ1a3MH 3 HEOJHOPIHOIO aKCiallbHO-CUMETPUYHOIO EJIEKTPOCTATHYHOIO TypOyJieHTHIiCcTIO. P0O3-
[JISIHYTO TPOLECH HarpiBy, TypOyneHTHoOI nudysii, a Takox apeiidy i0HIB BHACTIJOK paiiajJbHOI HEOJHOPIAHOCTI
€JIEKTPOCTaTHYHOT TypOysneHTHOCTi. OTpUMaHO PIBHSHHS, 110 BH3HAYa€ €BONIOLII0 (YHKLIT PO3NOALTY IUIa3MHU
B3JIOBXK pajiiyca B pe3ybTati Iux eekTiB. 3HAHICHO CTalliOHAPHUIA PO3B’SI30K IIbOTO PIBHSIHHI.

134 ISSN 1562-6016. BAHT. 2018. Ne4(116)



	D.V. Chibisov
	The possibility of formation of lower hybrid cavities in plasma of the terrestrial ionosphere and magnetosphere due to the interaction of plasma with inhomogeneous axially symmetric electrostatic turbulence is investigated. Heating, turbulent diffusio...
	1. HEATING AND DIFFUSION
	In homogeneous plasma we consider the region with an increased electrostatic turbulence in comparison with the background plasma and having axial symmetry. We assume that the turbulent state is the result of instabilities arising when a cylindrically ...
	,         (1)
	where  and  are  the charge and mass of ion,  is the electric field strength of electrostatic turbulence, far from the region with a high level of turbulence,  is the envelope of turbulent electric field. It is assumed that  have a maximum at  and , s...
	,         (2)
	where  is the time when turbulence appeared. Find the rate of change in the mean square velocity. Multiply (1) by (2) and average this product over a large time interval
	. (3)
	Suppose that a turbulent electric field satisfies the following conditions
	,   (4)
	that is the electric field at a time  is assumed to be completely uncorrelated with it at any other time (white noise). Here  is the average value of the square of the amplitude of electric field strength far from the region with a high level of turbu...
	.             (5)
	The solution of (5),
	,          (6)
	shows that the mean square velocity, in fact the ion temperature, in the region of an increased level of electrostatic turbulence increases linearly with time. In (6)  is the initial value of the mean square of the velocity of ions before the appearan...
	Now we find the value of the random displacement  of the particle, by integrating the expression (2) twice
	(7)
	and then obtain the rate of change in mean square displacement multiplying  (2) by (7) and averaging over a large time interval
	.           (8)
	Write  in the form of a Fourier integral
	.      (9)
	Substituting (9) into (8) we get
	.    (10)
	Now we integrate (10) with respect to  twice
	.  (11)
	It is obvious that the spectrum of oscillations of the electric field is not infinite, but is determined by the processes responsible for the turbulent state. If we assume that the width of the spectrum of the electric field oscillation is , then we c...
	.       (12)
	Performing in (12) the inverse Fourier transformation we get
	. (13)
	Taking into account (4), we finally obtain
	.         (14)
	Relation (14) is the diffusion coefficient of the ion component of plasma in a turbulent electric field. We note that the diffusion coefficient in the region with an increased level of turbulence is higher than in the environment, which leads to deple...
	2. DRIFT MOTION OF PARTICLES
	Let us now consider the drift motion of ions due to the ponderomotive force, which is induced by the radial inhomogeneity of electrostatic turbulence. Ponderomotive force affecting on the particle in the case of an inhomogeneous coherent electric fiel...
	.  (15)
	Now we obtain the equation of motion of ion with the ponderomotive force in the case of a radially inhomogeneous electrostatic turbulence. We start from the equation of motion of ion along the radius
	,  (16)
	where  is the radial projection of the electric field strength. We represent the coordinate of ion as the sum of its initial radial coordinate , as well as the oscillatory  and drift  changes of this coordinate.
	,        (17)
	where  means the change in the mean value of the radial coordinate of ion over a long period of time, . Assuming that  we can use Taylor expansion on the equation of motion about . Substituting (17) into (16), we obtain
	. (18)
	For the oscillating part of the trajectory, we obtain
	.    (19)
	Equation (19) is the radial component of equation (1) and therefore has the solution (7)
	.       (20)
	Writing  in the form of a Fourier integral (9) for  we get
	. (21)
	Integrating (21) with respect to  twice yield
	.  (22)
	Now we average (18) over a large period of time
	. (23)
	Substitute (22) into (23)
	and use the condition (4)
	.   (24)
	Thus, we have obtained the equation for the drift motion of ion due to the effect of a nonuniform turbulence field. The expression on the right side of the equation (24) is a ponderomotive force which is the effect of the radial inhomogeneity of elect...
	Integrating (24), we obtain the velocity of the drift motion of ion along the radius
	.   (25)
	Since , meaning that the level of turbulence decreases with the radius, we have that  and thus the ion drift occurs from the center of the region with an increased level of turbulence.
	3. STATIONARY DISTRIBUTION  OF PLASMA DENSITY
	The evolution of the distribution function  as a result of diffusion as well as the drift motion of ions is described by the Fokker-Planck equation
	,  (26)
	where is the drift velocity along the radius,  is the diffusion coefficient. Above it was obtained that diffusion coefficient is (11)

