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Drift vortices in inhomogeneous collisional dusty magnetoplasma”*
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For the sake of investigating the drift coherent vortex structure in an inhomogeneous dense dusty magnetoplasma,
using the quantum hydrodynamic model a nonlinear controlling equation is deduced when the collision effect is considered.
New vortex solutions of the electrostatic potential are obtained by a special transformation method, and three evolutive cases
of monopolar vortex chains with spatial and temporal distribution are analyzed by representative parameters. It is found that
the collision frequency, particle density, drift velocity, dust charge number, electron Fermi wavelength, quantum correction,
and quantum parameter are all influencing factors of the vortex evolution. Compared to the uniform dusty system, the
vortex solutions of the inhomogeneous system present richer spatial evolution and physical meaning. These results may
explain corresponding vortex phenomena and support beneficial references for the dense dusty plasma atmosphere.
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1. Introduction

Collective dust-plasma interaction in nonuniform dusty
magneto-plasmas has become a new and fascinating research
area. From lunar, planetary systems, interstellar spaces and
laboratory plasmas, charged dust plasmas are ubiquitous com-
prising neutral gas molecules, electrons, ions, and micron-
sized and nanometer-sized charged dust grains. The dust can
be billions of times heavier than the ions and acquire several
thousands of electron charges.!!?!

The charged dust grains cause a lot of new interesting
phenomena, revise the existing plasma wave spectra,>* and
bring new novel eigenmodes.®! A lot of experimental ob-
servation and theoretical investigation have achieved great
development about the properties of these particles such as
dust-acoustic solitons!®” and shocks, 8 dust ion-acoustic
solitons, 02101 and shocks, 0111 dust-electron-acoustic shock
waves, 1 dust lattice solitons,!!3] and vortices with electro-
static and electromagnetic waves.!!*!3] Tt is worth mention-
ing that the magnetized dusty plasmas have coherent vortices,
which possibly exist as monopolar,'®! dipolar,!'®!7] tripolar
and chain vortex.['8) The vortices are related with nonlin-
ear dispersive waves that possess, at least, a two-dimensional
character. %)

It is known that the quantum hydrodynamic (QHD) model
is extended from the magnetohydrodynamic model in the case
of nonzero magnetic field for dense plasmas with a quantum
correction term generally known as the Bohm potential.['"]

DOI: 10.1088/1674-1056/26/6/065202

Now the QHD model is a very effective method to study
theoretically a quantum plasma system, and has achieved a

[19-27] Especially in nonuniform

number of valuable results.
magneto-plasmas, a number of dynamical equations and so-
lutions for nonlinear waves are gained successfully with the
QHD Model. For example, in a nonuniform dissipative quan-
tum plasma with sheared ion flow, it is found that electro-
static monopolar, dipolar, and vortex street-type solutions can
appear, and that the inclusion of the quantum statistical and
Bohm potential terms significantly modifies the scale lengths
of these structures.!'®! The positive and negative bell-shaped
solitary pulses are found to become explosive pulses depend-
ing mainly upon the angles of propagation and dust polarity in
a magnetized quantum dusty plasma.!>! The linear and non-
linear propagation characteristics of the dust acoustic waves
are investigated in an inhomogeneous dense dusty magneto-
plasma, and the variation of drift shock waves with parame-
ters is discussed.*®! Three quantum mechanical behaviors for
electrons, ions, and dusts are studied for nonlinear quantum
dust acoustic waves in nonuniform complex quantum dusty
plasma.[?”]

This paper aims to study drift monopolar vortices in an in-
homogeneous dense charged dusty magneto-plasma compris-
ing inertia dust particles, inertialess electrons and ions with the
background of neutrals. In the next section, the QHD model
is employed to derive a two-dimensional nonlinear dynamical
equation when the collision between dust particles and neu-

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11365017, 11465015, 11405110, 11305031, and 11404214) and the
Technology Landing Project of the Education Department of Jiangxi Province of China (Grant No. KILD13086).

Corresponding author. E-mail: sryangjr@ 163.com
© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

065202-1


http://dx.doi.org/10.1088/1674-1056/26/6/065202
mailto:sryangjr@163.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 26, No. 6 (2017) 065202

trals is considered. Then three groups of coherent vortex struc-
ture solutions are obtained by a special transformation method,
and drift monopolar vortices are analyzed in detail with three-
dimensional graphs by the typical parameters of dense astro-
physics. The summary and discussion are presented in the fi-
nal section.

2. Derivation of nonlinear dynamical equations

For a multi-component inhomogeneous quantum dusty
magneto-plasma containing inertialess electrons, inertialess
ions, and negatively charged dusts (e-i-d) with neutrals in
the background and having a strong collision effect between
dust particles and neutrals, the quantum hydrodynamic (QHD)
model will be utilized to derive a set of nonlinear dynamical
equations. Suppose that the ambient uniform magnetic field
By is in the z direction, the density and temperature gradients
are in the x direction, and the final derived nonlinear equations
will be in the y—z plane. The phase velocity of the wave is
o /k, the electron and ion Fermi velocities are vg. and vg;, dust
velocity is vg4, and they are related with vqg < ©/k < Vg, VEe.

According to the QHD model, the dynamical equations
for electrons, ions and negatively charged dust particles are
given by

1
mene(dy + ve - V)ve = —ene (E+ — Ve X Bo>
c

h2 VZ
—Vpe+ ”°V< \/’7) (1)
e\ e

1
min; (dy +v; - V)v; = en; (E+ Jvix Bo> —Vpi, (2

1
mang(dy +vq-V)vg = —Zgeng <E+ —vg X Bo)
C

3)

—mqnqVanVd,

where Vg, is the collision frequency between dust particles
and neutrals; my, n;, v; (I =e, i, d), e and Z4 are mass, den-
sity, velocity, electron charge, and dust charge number, re-
spectively; the electrostatic field E = —V¢ (¢ is the elec-
trostatic potential); the electron and ion Fermi pressure p; =
R2(3r2)2 ) [5m; (j =e. .

A 3 3
D{;M) =09 + (XAfe +Zap%a — XH) 9,079 + ZaVanP a0y 9 + V<059 D13y¢2} +Z4¢5a079 =0,

where the operator D is defined as D = d;, + vy = J; +
Va0 + Van: a = X + po, b = 3e/dkpTre(pc? — %), X =
neo/Zanao, p = nio/Zanao, © = Tre/Tri, Tre and T are
the Fermi temperature of the electron and ion, respectively;

Are = \/kpTre/4me2ne is the electron Fermi wavelength;

Psd = 1/ kB Tre /md.chd is the dust Larmor radius at the elec-

For the inertialess electrons and inertialess ions, consid-
ering the boundary conditions n; = njo and ¢ = 0 at 7 — oo,
and the Talor expansion in the parallel component of Egs. (1)
and (2), the following proportions are deirved

9h%e
16mek]23 TFZe

e 3e¢p 3 [ ep \°
’leo_2kBTFe_4<kBTFe) +
i 3ep  3( ep \°
nio__ZkBTFi_4<kBTF1) '

Here kg is the Boltzmann constant; 7 is the equilibrium den-

V29,

“

sity, 7i; is the perturbed density, 7i; < njo, and n; = njo + ;.
The electron and ion Fermi temperature 7g; and the equilib-
rium density o are related by

T]:j 7(3752)2/31’1%3.

- 2m]'kB
From the Poisson equation and Eq. (4)

Vi = —4re(n; —ne — Zang), (5)

the ratio of the dust number density perturbation 74 to density
equilibrium nqq is given by
fig
=g ¢ —azV? P +asV3 ¢,
do

(6)
where

ay = 3e/2kpTre[(ne0/Zanqo) + (nio/Zanao) (Tre / Tri )],
ay = 3€” 4k T [(nio/ Zanao ) (Tre / Tri)* — (neo/Zanao ),
a3 = 9eh’neg / 16mek]23 szeZdndo,
as = 1/4meZynqo,
respectively.
From Eq. (3), the perpendicular and parallel components

of dust velocity can be obtained. Substituting them and Eq. (6)

into the following dust continuity equation
dng+V - (nqva) =0, (N

and making the assumption d; < d, < d,, this nonlinear equa-
tion can be deduced

®)

tron temperature, Qcq = 27 feq = ZgeBo/cmy is the dust cy-
clotron frequency, and d;, < Q¢ is used for the low fre-
quency waves; H = V9h? /16mekpTre is the quantum pa-
rameter; cgq = \/lm is the dust acoustic speed; v, =
(—2ckpTre/3eBo)ky is the drift velocity, k,; = |dInng| is the
dense gradient; Dy = Dy (kn — kz,), D2 = 3¢/4By; kry,; =
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|dy InTre| is the temperature gradient.

It is worth mentioning that a similar nonuniform plasma
model[?% was obtained with the error coefficient b, which is
corrected here, and the electrostatic drift shock waves were
studied with the Korteweg—de-Vries—Burgers (KdVB) and
Kadomtsev—Petviashvili-Burgers (KPB) equations. Besides,
a similar uniform dense model was studied for the vortex street

3 3 Zyc?,
=3 00 b0 + (UAE+ Zaply — XH)A00 + Zavanpiad] 9 + 5v0h9 — D1dy9? + 5 520 =0,

For the convenience of calculation, the following rescaling is
defined as

— ep — E A= @ — Vdn
kg Tre Psd Psd’ Qeq’
y=2 = S =ty u= - (10)
Psd Psd Csd

Then equation (9) is normalized as

0P +10, P + 820,0; D — g30; D

— 8402 + g50,® — g6y P* =0, (1)

where the bars have been dropped, and the dimensionless co-
efficients are

1 2 2 2 2
= — - =—(xH: —yA“—Z
81 2Cl(p6 X)v 82 3a(% e — X d)7
. 2ZdV . ZZd __E
83 = 3a y 84 = 3(1\/7 85 = a»
3u
86 = [X(kne _kTFe) +po-(km _kTFi)}' (12)
4aknd

Under the dense astrophysical circumstances,?3-3!1 the
following physical quantities can be taken as

nio=15x10" cm™3, By = 10® Gs,

2a=10°, mi=335x10"2*g, mg=10""g, (13)

the unit 1 Gs = 10~* T. Besides, taking neo = 6 x 10'8 cm—3,
ngo = 1.494 x 10'® cm™3, vg, = 10% Hz, and v, =
corresponding normalized parameters are

—cy4, the

A=121x10"2, H.=6.89x 1072, v=0.624,

u=—1, (14)
g1 =46.279, g, =—7.173, g3 =4.475,
gs=115, g5 =0.011, g¢=—0.25. (15)

3. Vortex solutions and evolutive plots

For the sake of obtaining a coherent vortex solution of
Eq. (12), we employ the following special transformation

by the reductive perturbation method. >3]

In this paper, for the nonuniform dense dusty magneto-
plasma we study the drift coherent dust vortices taking into ac-
count a strong collision effect between dust particles and neu-
trals. When vy, > d; in the operation, and the terms 812q) and
9,92 are kept, equation (8) is simplified as a two-dimensional
nonlinear dynamic equation

d
" ©)
\
method. The solution of Eq. (11) is supposed to be
JdF (&) d
o= rE)+n 5 % (16)
where
PFE)
I —a°F(§),
PFE) __ 20F(E)
0&3 & "’
I'F(E) _ 4
8754 =o'F(&). an
The solutions of Egs. (17) read as
F(§) =msin(ag)+mnacos(ag),
d
T8~ ameos(ag) —msin(ag), a9

where f1, f», and & are the undetermined functions of (y,z,7);
« is an undetermined constant; 1); and 1, are arbitrary con-
stants.

After Substituting Egs. (16) and (17) into Eq. (11) and
setting the coefficients of F (&) and dF (£)/dE terms as zero,
we can obtain an over-determined set of equations for the un-
knowns. Then there are the following solutions from the de-
terminant equations

3 2 2 2 2.2 2.2 2 2
[(cocs® +3c3cs” =30 coes 0 — c2°c30°) g + (ce@°c2” — ces”™ — 2¢3¢5) €3] €281

+ (co0?cr1?ca — 2e3c401 — c6c47C2) 86784 + €286 (€3 + CoCs) (86 + 8581) =0,

4286 + C5186 + €581
f1263eXp< £ g gy),
86
€4786 1 C5186 1 €581
o= conp ()
86
C1286 +C2l86 + C281Y
&= ; (19)
86
and two equations for limiting the unknown coefficients
(20)

065202-3



Chin. Phys. B  Vol. 26, No. 6 (2017) 065202

[(=3cacs o?c? + e’ er* —3cees’ater’ + 63053) ] 81> +86 (c3es— 06062022) (86 +8s81)

+ (2cscat®crior +c3acr? — c3ea?) g62ga + (—c3es? + 20%coes o +er’c3a) g3g12 =0, (21)

where c¢3 and cg are arbitrary constants. According to the
above results, the constants ¢y, ¢3, ¢4, ¢5, and o will be de-

termined. Here, three cases are discussed below.

3.1. Vortex chain with periodic distribution along z direc-
tion

Taking the constants
Cy) = 0, [ 07 (22)
the solutions in Eq. (19) become

cs (l‘g6+g1Y)>
86 ’

E=ciz, fi =C36XP<
|

t
Jr = ceexp <CS (g6 +g1y)) . (23)
86
Substituting Eq. (22) into Egs. (20) and (21) results in
_ 2 2 _ 2 2
S V=845 (c528281% — ¢58381% + 868581 + 862) Q4

86C184

where c1, c3, cg are arbitrary constants, cs is a constant limit-
ing by

—gacs (c5°82817 — c58381° + 868581 +867) = 0. (25)

Substituting the above solutions into Eq. (16) results in the first
group of vortex solution for Eq. (11)

P — Tong 2 _ 2 2
1 = cyxp [Cs( g6+g1y)] |y sin [ V8865 (5782817 — csgagn® + gossgr +867)2
86 8684
_ 2 2 _ 2 2
172 co8 (\/ g4cs (c528281%7 — ¢58381% + 868581 + &6 )Z)] . 26)
8684

From Eq. (26), the coefficient of y variable directly relies on
two nonlinear coefficients g; and gg, in which g¢ is related
with the drift velocity. The coefficient of z matters in all six
coefficients of Eq. (11), which include the particle density, col-
lision frequency, drift velocity, dust charge number, electron
Fermi wavelength, quantum correction, and quantum parame-
ter.

In order to structure a stable vortex solution, assume
t+(g1/g6)y =Y, and Y < 0 when ¢5 > 0, otherwise ¥ > 0
when ¢s < 0. After choosing typical parameters in Eq. (15)
and substituting them into Eq. (25), the limitation is ¢s > 0 or
—6.7x 107 > ¢5 > —0.62. Then taking cs as 0.05 (¥ < 0),
and —0.054 (Y > 0), respectively, the evolution of the electro-
static potential @; with Y and z is displayed in Fig. 1.

T SRR Ransas s e (‘zl'\' i 2v0 20

L5 1005 0 05 10 _go Y
V4

Fig. 1. (color online) Vortex distribution of the electrostatic potential ¢; of
Eq. (26) withcz =3, m1 =4, M2 =3, g1 =46.279, g» = —7.173, g3 =4.475,
g4 =115, g5=0.011, g = —0.25, c¢s = 0.05 (¥ <0), and ¢5 = —0.054
Y >0).

It is shown that the potential @; is a periodic change
along the z direction, but in the Y direction it decays exponen-
tially to zero, and finally presents a stable monopoalr vortex
structure.!?3! So a stable periodic vortex chain along the di-
rection of the magnetic field is formed in this inhomogeneous
dusty magneto-plasma.

3.2. Vortex chain with periodic distribution along y direc-
tion

‘When the constants
C] = O7 CS = 07 (27)
the solutions in Eq. (19) are

13
po2UBsHen) o e p e ()
86

Substituting Eq. (27) into Egs. (20) and (21) results in

_ V886 (86 +8581) ’ 29)

(04
81282
¢y — /86848285 (86 +8581) 30)
868482

where ¢;, c3, cg are arbitrary constants, and the parameters are
limited by

82838486 (86 +8581) >0, g286(86+8581) >0. (31)

065202-4



Chin. Phys. B  Vol. 26, No. 6 (2017) 065202

Substituting the above solutions into Eq. (16) results in
the second group of vortex solutions for Eq. (11)

. o t
By — (c3m + caceM 1) €4 cos [Q(gﬁgly)}
86
S o 1t
+ (371 — eac6Ma0) € sin {cﬂgﬁgm] L 32)
86

In Eq. (32), the coefficient of the z variable is related to
all dimensionless coefficients of Eq. (11), and the coefficient
of y is related to g1, g2, g5, and g¢ that are different from those
in Eq. (26). Besides, the wave circle frequency

Oy = [c20t] = |\/8286 (86 + 8581) /8182

and the wave velocity vy, = g¢/g1. They are relevant only with
the dimensionless coefficients of Eq. (11), which show the nat-
ural character of wave in this plasma system.

5 4
B0 -
-5
*10‘; £ —71?())0
—15 —;.wSBq)_rr,_ A—ﬁ 10 2

T e 30

“15-10 =5 0 5 19 15
y

Fig. 2. (color online) Vortex distribution of the electrostatic potential &, of
Eq. (32) with c3 =3, c6 =2, 1 =4, N» =3, g1 =46.279, go = —7.173,
g3 =4.475, g4 = 11.5, g5 = 0.011, g¢ = —0.25. Panel (a) is for r = 1 and
panel (b) for + = 1500.

Under the chosen parameters in Eq. (15), the vortex po-

tential &, evolves in the y—z plane as shown in Fig. 2. It shows

D3 = (c3M2 +cecami &) ¥ cos {

+ (C3 N1 —ceC2M2 OC) e“*sin |:

By employing the parameters chosen in Fig. 2, the vor-
tex potential @3 evolves with time in the y—z plane as shown
in Fig. 3. The wave circle frequency @, is the same as that

for @,. The spatial distribution presents an attenuation trend

that along the y direction the drift vortices move periodically
with time; in the z direction of the magnetic field, the spatial
distribution presents the attenuation trend, and the local area
of vortices is largely decided by

1/c4 = 868482/ /86848283(86 + 8581),
which matters for six dimensionless coefficients.

3.3. Vortex chain with periodic distribution along oblique
angle to z direction

If the constants are chosen as
c5 =0, (33)

then

£= €1286 +C2186 +C281Y
g6 ’
fi=c3e™, fr =cee™. (34)

Substituting Eq. (33) into Egs. (20) and (21) results in the fol-

lowing expressions

2 (c2?g20%81% — 858186 — 86°)

\/2846206 (*8381205 o+ \/Z) g6

Ccl] = ’

\/—2846206 <—g38120662 + ﬂ)

28486

A= (g’’’ +g3%) i’ o’

C4 = — ;

—20%cr% 2281786 (86 + 8581)
+818586” (8581 +286) + 86" (35)

where c3, c¢ are arbitrary constants, ¢; and o are the constants
that must ensure the values greater than zero in the above two
radical signs.

Substituting the above solutions into Eq. (16) results in
the third group of vortex solutions for Eq. (11)

o (c1286 +C2t g6 + 0281)’)}
86

(36)

o (c1z86 + 2186+ ngly):|
86

along the z direction of the magnetic field. The drift vortices
move with time at 8 = arctan(cag;/c1g6) to the z axis, which
include the constants ¢, and ¢. So this case is more represen-

tative and may illustrate general evolutive phenomena.
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Fig. 3. (color online) Vortex distribution of the electrostatic potential @3
of Eq. (36) with ¢; = 02, c3=1,¢6 =2, . =0.1, n; =4, 0, =3,
g1 =46.279, go = —7.173, g3 =4.475, g4 = 11.5, g5 = 0.011, gg = —0.25.
Panel (a) for t = 1 and panel (b) for r = 136.

4. Summary and discussion

In order to study the drift coherent vortex structure for an
inhomogeneous dense dusty magneto-plasma, using the QHD
model a two-dimensional nonlinear equation is derived when
the collision between dust particles and neutrals is dominant.
Then employing the special transformation method a new vor-
tex solution of the electrostatic potential is obtained success-
fully. Three evolutive cases of the vortex chain are analyzed in
detail with time in the y—z plane. In the vortex expression of
Egs. (26), (32), and (36), the coefficients of y and z variables
are related to all six coefficients of Eq. (11). Furthermore, the
wave circle frequency and the wave velocity in Eq. (32) only
matter to the dimensionless coefficients of Eq. (11) and present
the natural character of the system. So the particle density, col-
lision frequency, drift velocity, dust charge number, electron
Fermi wavelength, quantum correction, and quantum parame-
ter are all influencing factors to the vortex evolution.

Compared with the uniform dusty system, >3] the similar-
ity is that the solutions are all constituted by the exponential
function and trigonometric function, which form the monopo-
lar vortex chains. The difference is the analytic expressions

because the constructing ways of solutions are different. The
vortex chain of the uniform system is periodic along the z di-
rection of the magnetic field and is decaying exponentially in
the y direction, which presents one case with space. But in
the inhomogeneous system, three groups of vortex solutions
present richer physical spatial forms. They may periodically
move along the y direction, the z direction or a certain oblique
angle to the z direction, and show attenuation in another direc-
tion.

These results may explain corresponding vortex phenom-
ena and support beneficial references for the inhomogeneous
dense dusty magneto-plasmas, which manifest coherent non-
linear local structures in dense astrophysical circumstances
like the atmosphere of planetary and interstellar spaces where
collision and drift phenomena are remarkable.
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