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Formation of Nonlinear Solitary Vortical Structures by Coupled Electrostatic
Drift and Ion-Acoustic Waves
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Propagation of coupled electrostatic drift and ion-acoustic waves (DIAWs) is presented. It is shown that nonlinear
solitary vortical structures can be formed by low-frequency coupled electrostatic DIAWs. Primary waves of distinct
(small, intermediate and large) scales are considered. Appropriate set of 3D equations consisting of the generalized
Hasegawa—Mima equation for the electrostatic potential (involving both vector and scalar nonlinearities) and the
equation of motion of ions parallel to magnetic field are obtained. According to experiments of laboratory plasma
mainly focused to large scale DIAWS, the possibility of self-organization of DIAWs into the nonlinear solitary
vortical structures is shown analytically. Peculiarities of scalar nonlinearities in the formation of solitary vortical

structures are widely discussed.
PACS: 52.35.Fp, 52.35.Mw, 52.35.We

Drift waves play a crucial role in the magnetic trap-
ping of plasmas. The drift waves were anticipated by
Rudakov and Sagdeev,['] and later Mikhailovskiil* ]
greatly contributed to this research. Horton!”! eluci-
dated a detailed survey of drift waves, turbulence and
associated anomalous transport phenomena. Evolu-
tion of this nonlinear theory brings out the concepts
of solitons, solitary waves, solitary vortices, jets, fil-
aments, convective cells, double layers, shocks, and
zonal flow, which are discussed in an intensive man-
ner for the last years.

In the present work, we discuss nonlinear solitary
vortical structures on the low-frequency coupled elec-
trostatic drift and ion-acoustic waves (DIAWSs). Drift
wave propagation oscillation velocity becomes greater
than the phase velocity even at a low energy density,
thus the wave front may become curved, incorporat-
ing so-called trapped particles, and traveling vortices
may form. Description of such an effect requires ex-
amination of nonlinear equations involving the dis-
persion and non-homogeneity of plasmas. Such self-
organized structural formations have great importance
to understand the macroscopic behavior of plasmas
in laboratory and space. Nonlinear dynamics of drift
waves in plasmas is primarily identified by the clas-
sical Hasegawa~Mima (HM) equation!®" giving dif-
ferent solutions which involve turbulent, coherent and
wave behaviors. It should be noted that the nonlin-
ear term in the standard HM equation has the struc-
ture of type J(a,b) = [Va, Vb]., where a and b are
certain functions of wave field. Such nonlinearity is
known as vector nonlinearity and it gives the exis-
tence of dipolar vortices. In the nonlinear theory of
drift waves, Petviashvili® indicated the importance
of other nonlinearity, called scalar, Korteweg de Vries
(KdV)-type nonlinearity o< ¢?. This nonlinearity is
responsible for the existence of monopolar vortices.
When Petviashvilil”) was investigating the problem of
Jovian great red spot, he simultaneous firstly took
into account both vector and scalar nonlinearities.
The detailed analysis of both (monopolar and dipo-
lar) types of drift vortical structures was provided by

Mikhailovskii.l'”) Later, new localizing role of both
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(scalar and vector) nonlinearities in the process of for-
mation of nonlinear solitary structures was provided
by Nezlin and Chernikov,[''l and it was emphasized
that depending on the wavelengths scale drift waves,
turbulence should be described by the more complex
so-called generalized HM equation.

As in the experiments of tokamak plasmas, large-
scale drift waves (kL ps < 1, where p; is the ion Lar-
mor radius defined at the electron temperature) are
mainly observed, here we will keep our attention to
the large-scale solitary nonlinear structures and derive
the generalized HM equation for the coupled drift-ion-
acoustic waves. A system of basic equations, consist-
ing of the general HM equation for electrostatic po-
tential and an equation describing parallel to magnetic
field ions motion valid for arbitrary wavelengths of pri-
mary waves, is inferred. Linear regime is discussed in
detail. Basic nonlinear equations are separately con-
sidered in accordance with the wavelengths (small-,
intermediate- and large-scales) of primary waves. The
possibility of formation of such spatially localized non-
linear vortical structures by coupled electrostatic DI-
AWs is considered. It is noted that such investiga-
tion was started by Meiss and Horton!'? in the case
of small-scale structures. Finally, we discuss the ob-
tained results.

We take low-frequency electrostatic waves with the
frequency much smaller than the ion cyclotron fre-
quency (i.e., w < we) in an inhomogeneous (with the
density no(z) and temperature T,(z)) and a magne-
tized (with the magnetic field) plasma. The linear
waves will be presented in such a plasma in form of
DIAWs if the phase velocity w/k, in the direction of
the magnetic field is between the electron and ion ther-
mal velocities, i.e., v, and vry.

The complete descriptions of low-frequency elec-
trostatic DIAWs in plasmas are carried out by the
equation of motion and the continuity for the ions,
and the Boltzmann distribution of electrons,

ov ¢

5 (0 V)= Vot wav x e, (1)
on
E-FV-(nv)—O, (2)
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=), (3)

n = no(x) exp (Te(x)

where n, v, e and m represent the ion density, veloc-
ity, charge and mass, respectively, ¢(¢,z,y, z) is the
electrostatic potential, and w, = eB/m is the ion
cyclotron frequency. The plasma is assumed to be
quasineutral, for which n, = n. The magnetic field
B = Be, is assumed to be constant, homogeneous,
and T, > T;, which means that the ion pressure in
the equation of motion can be ignored. We assume
the equilibrium density no(z) and electron tempera-
ture T () to be inhomogeneous in the x direction.

Electrons attain the thermal equilibrium along the
magnetic field lines by Eq. (3), thus we must need that
the electrostatic perturbation’s phase velocity w/k, <
vre along the magnetic field. Also, this must be
smaller than the Alfven velocity ca = B/(uonom)'/?,
which is why we can ignore magnetic field perturba-
tions due to the parallel current. Therefore, k. must
be finite.

We take the drift wave’s coupling with ion-acoustic
ones and assume z-dependence of the fields is weak.
Taking the curl of Eq. (1) and using Eq. (2) we obtain

the following ‘freezing-in field equation’("”]

(o) (E2) - (202

~V)v, (4)

where {2 = V xw is the vorticity. This equation is valid
for the 3D perturbations, and the new term describes
vortex stretching on the right-hand side.

Further we will apply the small expansion param-
eter ¢,

10 1. 0 2 e L
wciat Ln,T

A 1(5
kvt Ot Wei Te < 7( )

where L is the typical length scale of fluctuation,
L, 7 is the equilibrium density’s inhomogeneity scale
and temperature, respectively. The ion Larmor ra-
dius, which is the characteristic wave dispersion scale
length, is ps = (To/mw?)'/? defined at the electron
temperature Tp.

We represent the particle’s total velocity as v =
v) + e,w to express Eq.(4) in terms of potential
o(t,z,y, z). For low-frequency waves w < w.i, Eq. (1)
implies!]

vl = Vg + U, (6)
where vg is the electric drift velocity (or cross field

drift velocity) defined as

1 1
VE = =€, X VLQO = EE X €z, (7)

B

and vr is the inertial part of the transverse velocity

1 do
= —c. x P, 8
Y wcie 8 at " ®)

where do/dt = 0/0t + vg - V +wd/0z.

Taking into account the conditions (5) and using
Egs. (6)—(8) in the z-component of Eq. (4) we obtain

A T

+ plw CITI CilT sogz paweid (0, ALyp)

+w gﬁ + ?9710 - pswagﬁﬂp

+p§A”% - Sgi aa;az

B ngl:(gyzgz e ®)

From the z-component of the equation of motion (1),
we obtain the other equation which describes the par-
allel to the magnetic field ions motion,

ow ow 2030
ci ) a = U s 1
o T Pwed (p,w) + wo 5, (10)
where vy = (T./m)Y/? is the ion-acoustic speed,

J(a,b) = 0;a0,b — 0,a0,b is the Jacobian, and A | =
0?/0z* + 9% /9y? is the 2D Laplacian. Equations (9)
and (10) describe the initial closed system of equations
which are valid for arbitrary &k, ps. In these equations
potential ¢ is normalized by T, /e. As to the ion par-
allel motion, Eq. (10) contains both vector and scalar
nonlinearities. Note that in Eq. (9) we keep the fourth
small linear term to show the tendency of linear waves
to instability.

The generalized Eq.(9) contains an additional
three new scalar nonlinearities of KdV type:

P wc1T1 dd% o) a“’ compared with the classical HM equa-

tion with respect to the drift waves. The standard
HM equation contains only the vector nonlinearity
piweid (0, AL p), which is valid only for the small-
scale structures when the characteristic size L < pg
and it predicts the existence of only dipolar vortices
(cyclone—anticyclone pairs). Generalizing the HM
equation, Eq. (9) containing scalar nonlinearities could
describe solitary monopole-type vortices (i.e., either
cyclones or anticyclones). Monopolar solitary struc-
tures were first observed 1n laboratory modeling of
solitary RossbPI vortices.['"] In the numerical work of
Kaladze et al.,['! it was shown that the presence of the
scalar nonhnearlty plays the role of instability form-
ing monopole vortical structures of definite polarity
as a result of breaking large-scale dipole ones. The
new type mechanism of the formation of solitary drift
vortical structures due to the mutual action of scalar
and vector nonlinearities was elucidated by Nezlin and
Chernikov.['") Dynamics of large-scale drift vortical
structures in electron-positron-ion plasmas was dis-
cussed in Kaladze et all'®! It was shown by Kaladze
et all' that in the Earth’s Hall conductive iono-
spheric E-layer, due to the latitudinal inhomogeneity
of both the Coriolis parameter and the geomagnetic
field, large-scale ULF coupled Rossby—Khantadze elec-
tromagnetic (EM) waves can be self-organized into
localized (solitary) dipole nonlinear structures prop-
agating parallel against the background of mean flow.
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Recently, the generation of zonal flow by coupled elec-
trostatics drift and ion-acoustic waves has been dis-
cussed by Kaladze et al.l'®!

From Egs. (9) and (10) for the linear regime, we
obtain the following system of equations

dp 50 20 1 dng Op Ow

o P e e, T =0
ow L0
E = 7'055. (11)

Taking the derivative of the first equation over ¢ and
using the second equation we obtain the following cou-
pled drift-ion acoustic waves equation

8t2 psatQAJ-SD ps ci

no de oy ® 8z2 T(12)

In the (k,w) space we obtain the following appropriate
algebraic equation

W2(1 + kiﬂf) - kapzﬁnwci - kquz =0, (13)

_ 1 dn
where ,Bn = —?OT;

are given as follows:

> 0. The roots of this equation

ypswCIB’ﬂ + \/k Ps c1 + 4k2U2(1 + kLps)
201+ k% p2) (14)

W12 =

where w; corresponds to the fast, and ws to the slow
coupled DIAWs.

From Eq. (14) for the generated wave frequencies
we obtain the following expressions for linear phase
velocities,

* 2
(0,2 =smrmm 1 [ 4 m
1/2
+ hpb)] } (15)

where v* = Bp2w.; is diamagnetic drift velocity ob-

tained at the electron temperature.
In the case of k, = 0, we have the pure drift waves

kyv*

—_— 16
e (16)

w1 =

In the case of k,
waves

= 0, we have the pure ion-acoustic

kv

V 1+klps

It is seen that the ion-acoustic waves become disper-
sive due to the coupling with drift waves.

For the sufficiently small longitudinal wave num-
bers k., < k,, we will obtain the following mixed fre-
quencies

N kyv* (H—
1= 1—|—kLpS

(17)

wig ==

k2vZ
ky U(l’8>

k2 2(1+kJ_ps ) )
k2v*2 ’

where w; and wy correspond to upper and bottom
signs, respectively, in Eq. (17).
For sufficiently small k, < k., we obtain

oy k. vg <1+ kyv* )
' V1+ kS p2 2k.vs\/1 + k3 p2 7
k. vg ( kyv* )
Wy = — — . (19
2 i)

For nonlinear regime, here we will take Egs. (9) and
(10) for different wavelength’s scales and obtain ap-
propriate nonlinear equations.

For intermediate wavelengths k| ps > 1, using es-
timations
w~k | L dng |p3wci ~ kipgwcii ~ Wcii ~ kv,
we obtain k, ~ 1/L,. Further comparing first terms
of both sides in Eq.(10) we obtain w ~ k,pv?/w.
Putting here w =~ k,vs, we obtain estimation

wp ~ kw ~ LE (21)

n

Under conditions (20) and (21) we obtain the follow-
ing system of simplified initial equations of Egs. (9)
and (10) as follows:['*]

dy 5 0
a — Ps atAJ_SD + pswmﬁn

ow
— paweid (¢, ALp) + 5. =0

ow _ 209
815 + pswCl‘](soa ) vsai (22)

For large-scale wavelengths k) ps < 1, as it is seen
from Eq. (20),

L
wp ~ kyw ~ wcikisz—cp. (23)

Under this condition, Egs. (9) and (10) can be reduced
to

[ 5 0 8@
A ci TL ci
91 oy T 19+ plw ﬂ — piw Pre,
Jdp  Ow
4
- ci 7A a_ a. — Y
Psweid (9, ALg) +wom + == =0
ow 50
ci s S A s 24
T8t ] (pyw) + 258 = 0 (24)
where fr = —T%dd:’;e > 0. It is seen that both non-

linearities in Eq.(24) are of the same order when
klps ~ L/LT

Vortex structures deserve attention because they
carry along trapped medium particles and thus make
an essential contribution to global circulation pro-
cesses. Next, we will construct the appropriate nonlin-
ear solitary vortices on the basis of equations obtained
above.['"]

For intermediate- scale structures, kj ps >
normalize time by w_;

1, if we
lengths by ps, and velocity w

C17
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by pswe then we can rewrite the system (22) in the
following dimensionless form

Jdp 0 dp ow

L LA+ B S~ I ALp) + 2 =,

5~ et By Jlp, Arp) + 5= =0

ow Op

E+J(<p,w)+$—0, (25)
where 8, = —+ 9% > () is the dimensionless value.

ng dx

As the system (25) contains only the vector non-
linearity, it is expected that it has a dipolar vor-
tex solution.l””! Such solutions have been constructed
by Meiss and Horton'”) and we will represent here
only the final results. Let us find the solutions ¢
and w of system (25) in the form of traveling along
the y-axis waves, i.e., X(x,y, z,t) = X(x,n), where
n =y — Ut + az. In this transformation, U is the
velocity of vortical structure propagating at the right
angle to the magnetic field, and « is the inclination
angle of vortex front with respect to the plane, which
is normal to Bge,. Thus small angles o < 1 corre-
spond to the waves propagating almost perpendicular
to the equilibrium magnetic field Bye,. Then the sys-
tem (25) can be transformed in terms of Jacobians as
follows:

Jp—Uzx,A o —Ux+ Bpz) =J(az,w),
J(p —Uz,w—azx)=0. (26)

Choosing zero boundary conditions at infinity (w, ¢ —
0) we determine the particular solution of the second
equation of (26) as

[0
= 0. 2
w= 5 (27)

Substituting Eq. (27) into the first equation of (26)
gives

o2
J(gofU:c,ALgo—Uerﬂner F:v) =0. (28)

Introducing the circle of r = a radius we divide the
integration area into the internal (r < a) and the ex-
ternal (r > a) regions. Accordingly, we obtain the

following equation for external region,!'”]

Bn P

sin=(-3- 5

Similarly for the inner region we obtain the following
appropriate equation

)gpc, forr >a. (29)

2
ALp = (U = Bn — %)CE — Ci(p; — Ux), for r > a,
(30)

where Cj is an integration constant. Solutions to
Eq. (29), and Eq. (30) in the (x,n) plane can be rep-
resented in the polar coordinates r and ¥, i.e., x =
rcost and y = rsind. As we are looking for the ex-
ponentially vanishing at infinity (r — o0) solution to
Eq. (29) then the following condition should be satis-
fied,
2 a2 Bn

This equation is called the modified dispersion equa-
tion (MDE) of vortex. Then particular solution to

Eq. (29) in the external region is!'”]
we(r,9) = BK;(pr)cosd, for r > a, (32)

where B and p > 0 are constants, while K,, is the
McDonald function. Using formal substitutions p? —
—k%*, U = w/ky, o = k;/k, from the MDE equa-
tion we obtain the linear dispersion relation (14) in
dimensionless variables. The inequality (31) defines
the following areas of vortex velocity:

1
U> §(Bn + /B2 4 4a2), positive velocities, (33)

1
U< 5(571 — /B2 + 4a?), negative velocities. (34)

It is obvious that these intervals are outside the lin-
ear waves phase velocities intervals (15), which is the
necessary condition for zero linear wave radiation by
vortices.

As to the internal solution to Eq. (30) it can be
found in terms of the Bessel functions of first kind J,
as follows:!”]

p2 + k2
k2

wi(r, ) = |AJy(kr) + Ur] cosd, for r < a.

(35)

where A is a constant, and k2 = C,.
Correspondingly we can find the following expres-
sions for the vorticities,

A} p. = Bp*K\(pr) cos ¥,
Ay = — AE*Jy(kr) cos . (36)
To satisfy the solutions (26) on the circle r = a (i.e.,

on the whole z,n plane) we require the fulfillment of
the following boundary conditions

vi —Urcos¥|,=q = po — Urcosd|,—, = 0. (37)

From these conditions we define the integration con-
stants

2
p° Ua _ Ua
B= Ki(ka) (38)

T k2 Ji(ka)’

Note that with Eq. (38) the solutions (32), (35) and
vorticities (36) are also continuous. Condition (37) is
equivalent to the demand radial velocity component
in the reference frame moving with velocity U to be
zero on the circle r = a. Owing to Eq. (37) the cir-
cle r = a becomes a streamline. Lastly, requiring the
continuity of the first derivatives

i
or

_ Ope
r=a o or

(39)

r:a’
we obtain the so-called parameter matching condition
(PMC)

Jo(ka) _ Ks(pa)
kaJy (ka) paJi(pa)’

(40)
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which connects the parameters k, p and a, and two
of them may be considered as the independent ones.
Physically the condition (39) corresponds to the con-
tinuity of tangent velocities, i.e., to the slipless motion
of the fluid. Thus only three parameters «, U and a
remain undefined in the solution.

For large-scale structures k1 ps < 1, if we normal-
ize the time by w_; ! the lengths by ps, and the velocity
w by pswe then we rewrite the system of Eq. (24) in
the following dimensionless system form

dp 0 Op 8<p
ot &ALQD + /Bna ﬂTSD
ow 8w
ow Op
E—’—J( )+$—0, (41)
where 5, = —n—lo% > 0 and Bt = % ?;e > 0 are

the dimensionless values. Note that in Eq. (41) the
scalar and vector nonlinearities are of the same or-
der only in the case of large-scale structures, when
L3/Ly ~ 1.

If L3/Lt < 1, we can ignore the scalar nonlin-
earity and the sixth nonlinear term in Eq. (41). Then
we obtain the system (25) describing dipole vortical
structures which have been considered. Significant
difference from the solution (32) is the weak spatial
localization of dipole vortices owing to the condition
k1 ps < 1, which means the parameter p — 0.

If L3/Lt > 1 from the system (41) we obtain the
following one

dp 0 ow  Ow
E 8tAL<P+Bn ﬂT a"ra—ov
ow Op

o T )+&_0. (42)

This system contains the scalar nonlinearities and we
expect to find the monopolar vortical solutions. In the
case of the traveling waves n = y— Ut + «az, solution of
the second equation of (42) can be represented in the

form (33). Substituting this solution w into Eq. (40)
gives
o B\ D 1/Br  a®\dp*
l-—-—=)——-—A —_— =0.
Integration over n yields
ALp—Ap+Sp° = (44)
where
a® By 1 a?
A=l - S=—55(0-T) W

Equation (44) describes the scalar structures on the
drift-ion-acoustic waves. It is evident that even when
the temperature gradient parameter fpr = 0, the
scalar nonlinearity coming from the fifth term of
Eq. (43) supports the solitary structure.

Further we use the technique developed by
Mikhailovskiil'”! to obtain the explicit soliton solu-
tion. For sufficiently far distances, Eq.(44) reduces

to linear Eq. (29) with A > 0. Thus in the case of the
scalar structures (as in the case of vector ones), the
condition of spatially isolated structures means A > 0.
Multiplying Eq. (44) by ¢ and integrating over space
we obtain the following integral form

/ (Vig) + A — Sgdr, =0, (46)

As A > 0, the given integral can be zero if sgny =
sgnsS.

To obtain the analytical solution of scalar vortical
structures we examine the one-dimensional case when
02022 < 8%/0n?, then Eq. (44) reduces to

277@ Ap + Sp? (47)
This equation has the following soliton solution
(1) = po cosh™>(41/21/2), (48)
34

where the amplitude is oo = 5 5.
In summary, we have shown the possibility of for-
mation of nonlinear solitary vortical structures on the
low-frequency coupled electrostatic DIAWs. Taking
into account results of laboratory plasma experiments
we focus on large-scale (k) ps < 1) coupled DIAWSs.
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