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Study of obliquely propagating dust acoustic solitary waves
in magnetized tropical mesospheric plasmas with effect
of dust charge variations and rotation of the plasma

A. Mushtag,? H. A. Shah, N. Rubab, and G. Murtaza”
Department of Physics, Government College University Lahore, P.O. Box 54000, Pakistan

(Received 18 January 2006; accepted 28 April 2006; published online 12 June 2006)

The characteristics of obliquely propagating Dust Acoustic Waves (DAWSs) in rotating and
magnetized dusty plasma in the dayside tropical mesosphere are examined by incorporating
adiabatic dust charge fluctuations. A Korteweg-de Vries equation is derived, which may support a
nonlinear dust acoustic wave on a very slow time scale. The meteoritic dust in mesospheric plasmas
on the dayside is charged positively due to photo- and thermionic emissions. The dynamics of the
DAW with electronic, ionic, thermionic, and photoelectric currents along with obliqueness and
effective gyrofrequency are studied. It is observed that the amplitude of the soliton depends directly
on the obliqueness # and dust charge variation, respectively, while the width is modified inversely
with these parameters. It is also observed that the effective gyrofrequency modifies the width
inversely. © 2006 American Institute of Physics. [DOL: 10.1063/1.2206547]

I. INTRODUCTION

Thousands of millions of interplanetary meteoroids enter
the Earth’s atmosphere daily with initial velocities in the
range of 11.2—72.8 km s~'. While the critical size of the me-
teoroid to become dust depends on the entry velocity, those
with radii typically in excess of about 10 um produce ob-
servable luminous phenomena (“meteors”). During their im-
pact with the Earth’s atmosphere, the meteoroids vaporize
and recondense into dust particles suspended in the Earth’s
mesosphere. :

The very first instrument launched to study charged dust
in the tropical mesosphere detected a layer of fine dust
(radius = 10 nm) near the mesopause. The dust in the thinner
lower part of the layer carried a negative charge and the dust
in the thicker upper part carried a positive charge.2 The nega-
tive charge on the dust was expected, while the positive
charge was not, because the observation was taken half hour
after local astronomical sunset. The observers sought to re-
solve the problem by suggesting that the positive grains were
still carrying their pre-sunset positive charge acquired by
photoemission. Mendis et al.® have reinvestigated this phe-
nomenon to explain the positive charge on the upper part of
the layer. They have suggested that micrometeoroids that en-
ter the Earth’s atmosphere at sufficient entry speeds, even on
the night side, acquire substantial positive charges due to
thermionic electron emission high up in the mesospheric re-
gion before they start ablating in the mesopause region. Ac-
cording to 3 the charging equation of a micrometeoroid en-
tering the earth’s atmosphere on its night side is dQ/dt=1,
+1;+1,+1,, where Q is the total charge on the micrometeor-
oid and 1,, I;, I are the electron collection, ion collection,
and thermionic (electron) collection currents, respectively,
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and I, is the ablating (secondary) electron current that has
been introduced because the frictionally heated micromete-
oroid surface evaporates, and the evaporated particles carry
away the accumulated surface charge at a certain rate.
Mendis et al.* and Sorasio et al.’ have also studied the posi-
tively charged dust grain due to the thermionic emission of
electrons from a fractionally heated meteoroid, as it enters
the Earth’s atmosphere. It may be pointed out that these au-
thors limit their treatment to the night side of the Earth so as
to avoid the role of photoemission while emphasizing the
role of thermionic emission, but our consideration here in
this work is relevant to the Earth’s dayside, where the con-
tribution to the current from photoemission is also taken into
account.

Collective waves in dusty plasmas have attracted a great
deal of attention in recent years. Among them, a new acous-
tic mode (i.e., dust-acoustic wave) on a very slow time scale
of dust dynamics emerged as a result of the balance between
dust grain inertia and plasma pressure.6 Such dust acoustic
waves can easily become highly nonlinear.” It has recently
been shown by several authors that these nonlinear waves
can form solitons of either positive or negative electrostatic
(ES) p0tential.6’8710 It has also been shown theoretically and
observed experimentally that dust charge fluctuations intro-
duce new eigenmodesll*l(’ both in the linear and nonlinear
regimes. In plasmas with positive dust particles, the electron
density would be larger than that of ions, and different types
of instabilities and waves are likely to occur.'”"® Plasmas
with positive charged particles occur widely in space and
also in the Earth’s mesosphere.w’20

In this paper, we present an analytical model for ob-
liquely propagating DAWSs in a rotating magnetized dusty
plasma with adiabatic dust grain charge variations in the day-
side tropical mesospheric region. We employ the reductive
perturbation technique to derive the Korteweg-de Vries
(KdV) equation for these waves. Finally, we discuss the ef-
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fects of obliqueness and effective gyrofrequency on the dy-
namics of this wave.

Il. BASIC EQUATIONS

Consider a one-dimensional, rotating magnetized elec-
tropositive dusty plasma whose constituents are Boltzmann-
distributed electrons and ions, and cold dust grains having
charge fluctuation. The external magnetic field is directed
along the x axis, i.e., Bo=B,t and the plasma is taken to be
rotating along the magnetic field due to the Coriolis force
with a rotational frequency (). The normalized basic equa-
tions for low phase velocity DAWs are as follows.

The continuity equation:

%‘l‘V‘(l’ldVd):O. (1)

at
The equation of motion in a frame rotating with angular
frequency (), can be written as

5Ud

; + (v V)v;=—(1+A0)Vo+ (1 +AQ)Q (v, X %)

+20,(vy X 3) (2)
and the Poisson’s equation
Vio=pe?+ (1 - we? —(1+AQ)n, 3)

In deriving these equations, we use the charge neutrality
condition en;y=en,o—Qnq, Where Qu(=Z e) is the dust
charge at equilibrium, AQ is the perturbed part of the nor-
malized dust charge Q,, i.e., Q,=1+AQ, Z,, is the number
of charged particles on the dust surface at equilibrium, and
njo is the equilibrium number density of the jth species here,
j=e,i,d (electron, ion, dust). The number density n; is nor-
malized by equilibrium density ;. The dust fluid velocity v,
and electrostatic wave potential ¢ are normalized by dust
acoustic speed ¢;;=(Z,T,/m,)""? and T,/e, respectively. The
dust charge Q, is normalized by the equilibrium value Q.
The rotational frequency € and the dust gyrofrequency
O.4=ZeBy/ myc are normalized by dust plasma frequency

Wpg= \(@mngZ50e*/my). The space and time coordinates

are  normalized, respectively, by Debye length,
Np=\T,/47Zon 0e* and the dust plasma period w;i,. We
note that p=T,/T,, where T,(T;) is the electron (ion) tem-
perature, u=1/(1—-p) and p=n;y/n,.

We assume that dust sized micrometeoroid is charged
positively when it enters the earth’s atmosphere on the day
side. So for Q,>0 the normalized dust charging equation is

w I+1L+1;+1
Y e — (4)
Veh Z40€Ven

Here 1,, I;, I;, are the electron collection, ion collection,
and thermionic (electron) collection currents, respectively.
Here 1, is the photoelectric current of electrons emitted from
the dust grain surface due to the action of solar radiation. The
normalized expressions of these currents for spherical dust
grain of radius r, are>?!
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l,=- Jene(l + sz),

I;=Jin;exp(- pzQ,),
(5)
Iy =Jin(1 + azQ)exp(- azQ,),

Ip = Jp exp(= 6z0,),

where J=4mrief; (I=e,i,th,p), a=T,/T, 6=T,IT, (T,
is the average temperature of the grain during the
photoemission  process). Here  B.=n.(Vi! V’ET) ,
Bi=nio(Vil \2m)e™, Bu=N\2/m(m,T,127h%)V,y,
exp(-W;/T;—az), B,(=J,Y/4)exp[-&z] are the coefficients
due to I, I; Iy, and I, currents, respectively. In the expres-
sions of By, and B,, W, denotes the work function of dust
material, J, is the photon flux, Y, is the yield of
photoelectrons, and A& is Plank’s constant. Also,
z=eQ o/ 4meyr,T, denotes the nondimensional dusty plasma
parameter. In expression (4) vg,=a,[a’zBy, exp(—az)
+ 0, exp(=&z) + B,+ppB; exp(=pz)], is the dust-charging fre-
quency, with ag=4mr,e?/kyT,.

We are interested in dust perturbations in mesospheric
plasmas which lead to soliton formation. KdV solitons are
formed as a balance between the nonlinearity and dispersion
effects. However, in the present context of a complex plasma
we take into account the dust grain charging processes,
which are faster (typically of the order of 1078 seconds) than
other characteristic processes (tens of milliseconds for mi-
crosized dust grain) of the DA wave formation and propaga-
tion. Therefore on a hydrodynamic time scale, the dust
charge quickly reaches local equilibrium, which means that
the dust grain charge will be fixed in each point of the DA
soliton and determined there by the plasma parameters at this
point. Thus, at different points of the soliton the dust grain
charges will be, in general, different. It follows that

®,q/ vy =0, and this reduces the current balance
L 2226,27
equation™™""" to
L+ L+1y+1,=0. (6)

In this case the dust charge instantaneously reaches its
equilibrium value at each space-time point determined by the
local electrostatic potential ¢(r,7) and hence does not give
rise to any dissipative effect, and this is known as adiabatic
dust charge variation. Equation (6), in terms of AQ, and o,
can be written as

Bl +az AQ)e 40 + Be™ 20 — B.e(1 + 2 AQ)
+ ,Bie""”e("’z A0) . 7)

In order to examine the dynamics of finite amplitude
obliquely propagating dust acoustic wave in the presence of
adiabatic dust charge variation, we derive an evolution equa-
tion from Egs. (1)-(3) and Eq. (7) by employing the reduc-
tive perturbation technique that entails the introduction of
stretched coordinates, &é=€"*(Ix+1y+1.z—\f) and 7=€"t,
where € is a small parameter characterizing the strength of
the nonlinearity, N is the normalized solitary wave velocity,
and /,, ly, and [, are the direction cosines of the wave vector
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k along the x, y, and z axis, respectively, so that l§+l§+lf
=1. The dependent variables are expanded as

Q=0+ 21 €0,
where @ = [nd,vdx, qD,AQ]T and @(0)=[l’ld0,l)dx0, (PO’AQJO]T
=[1,0,0,0]", while transverse velocities are expanded as

Ugs = 2 6<X+1)/zvs()(—l)'

X=2

Here s=y,z, applying the perturbation scheme given pre-
viously to Egs. (1)—(3) and Eq. (7) and then collecting terms
of different powers of €. In the lowest order we obtain
v1=(L/N) gy, ”d1=(lx/)\)2€01, AQi=-v1¢, Ui
=Q;11},(a¢>1/a§) and v1y=—QzllZ(8(p1/¢9§). Here v,=[B.(z
+1)+Bip)/ 2(a’2B+ OB, +pBi+B,] is the coefficient due to
dust charge fluctuation in the linear regime and Q.=(Q.,
+20Q)) is the effective gyrofrequency due to Lorentz and
Coriolis forces. Combining these results with lowest order
terms of the Poisson equation given by Eq. (3),

I
=77 . (8)
Vu=p(1 =)+

The previous expression is the linear dispersion relation
and A is the normalized linear phase velocity of the DAW,
which is modified due to the dust charge variation 7y, and
obliqueness 6 with respect to the external magnetic field B,
For 6 and y,=0, we get the relation (17) of 23 in the limit
(k2)\]2)< 1). It is shown in Fig. 1 that for given values of B;
and B, the phase velocity A is higher in the presence of
photoelectric and thermionic currents. Generally the effect of
positive dust charge variation appears to decrease the wave
velocity whatever the changes occur in other parameters. We
also note that as obliqueness 6 increases the phase velocity
decreases.

Bz +1-2y2) + Bi2y1z— 1~ 12%)p2 + B(a?? -
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___________________

FIG. 1. Linear dependency of phase velocity N on z for different values of
coefficients By, and £,

In the next order (~ &%) we obtain from Egs. (1)—(3) and
Eq. (7) the following:
vy,

- )\7{ -Quw,.=0,

15'1)17
-N—+Quw,,=0,
ag CUZy

©)
)

e [[,U«—P(l -+ yle—ngp

1 p*
+ (7’2"' 5/“‘ 3(1 —,U«))QDf"' 71”d1€01] =0,
AQy+ y10+ 1297 =0,

where the coefficient vy, is due to dust charge variation and is
given by

a3z3)% _ Bp52Z2

2= 22(B,+ pBi+ 2By, + B,)

and from terms of order /> we obtain the following set of
equations:

vy, J vy, vy, 1%
_)\_2+lxﬂ=_ ! _lxle_l_leQlﬂ’
9€ 9€ aT dE dE
(10)
on vy, on 14 vy, vy,
AR R e (o) - R - L
I o€ ar  9€ I ] 3

By eliminating quantities with subscript 2 and terms
containing vy, and v, from Egs. (9) and (10), we get the
nonlinear KdV equation in terms of electrostatic potential
and is given by

d d >
ﬂ_i_A(Plﬂ_i_B_(’il:O’ (11)
ar Pl IE

where the coefficients A and B are given by

l
A= - [B(u—p+pp+y) -
(w—p+pu+ty)”?
—(u=ptpu+y) ' Qy+u+p’-p’ul,
/ ( 1- 2)
B= = 1+ —> .
2u—p+pu+n)"? QO
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The steady state solution of the KdV equation [Eq. (11)]
is obtained by transforming the independent variables & and
7 into new coordinate 7=(&-V,7), where V, is a constant
velocity normalized to cgy. Following24 the steady state solu-
tion of Eq. (11) is given by

@ = @, sech’[(£ - Vy1)/w], (12)

where the normalized maximum amplitude ¢,, and the width
w are

_(%>

(Pm_ A )
4B

w= .
Vo

The previous results can be used to find an expression
for n; and v,, which are

(13)

ngy = n,, sech’[(& = Vor)iw],
(14)
U1, =0, sech’[(§ = Vy1)/w].

Here n,,=(2/V}) @, and v, =\I,—‘O(pm are, respectively, the
peak soliton dust density and peak soliton x component of
dust velocity. The soliton energy &, can be calculated by
using the integral &,= /", v} (7)d7. By substituting v, from
Eq. (14) in this integral we obtain for the soliton energy

£y = Tulw. (15)

From the expressions of ¢,, and w, it is clear that as V,
increases the soliton amplitude increases, but the width de-
creases. It is obvious from Eq. (12) that there exists compres-
sive (rarefactive) solitary waves if A>0 (A <0). We have
numerically analyzed ¢,, and w for parameters correspond-
ing to mesospheric dusty plasma parametersz’s’25 with
ra~(1-10) nm, nu=10° cm™, w;~2-5eV, T,=T,
=0.022 eV. A 1 nm dust mass is 5000 amu, Z,,~ 100-500,
2(=Z40€?/7,T,) lies in the range —1.5 to —2.5 for positively
charged dust, and 7,,~1-2 eV. Values for some parameters
are taken arbitrarily, i.e., up=1, w,,;=0.1, Q;=0.01, Ix=0.1.
We found that for the above mentioned parameter values A
>0; thus ¢,, is always positive (see Fig. 2). This means that
for the dusty plasma parameters that we have considered
supports only compressive solitary waves (solitary waves
with ¢,,>0), which is in agreement with Ref. 26 for a two
component dust-electron plasmas induced by ultraviolet irra-
diation, and with positively charged dust case in the work by
Kopnin et al.,”” in which the different soliton profiles related
to different signs of the dust charge have been investigated.
In the calculation of Ref. 27, Kopnin et al. have studied the
positively charged dust case with three currents (electronic,
ionic, photoelectric) in an unmagnetized mesospheric plas-
mas. But in our case we have additionally investigated the
effect of thermionic emission in a magnetized plasma. In our
case we obtain a larger amplitude soliton as compared to
those in Ref. 27, and this is may be due to the additional

Phys. Plasmas 13, 062903 (2006)

FIG. 2. Effect of dust charge variation on soliton potential ¢ as a function of
7. Bold curve for low values, Dashed curve for intermediate values. Solid
curve for higher values of all B’s.

thermionic current. Figure 2 and Eq. (14) show that due to
dust charge variation, the amplitude of the soliton increases,
whereas their width decreases.

It should be noted here that the perturbation method,
which is only valid for a small but finite amplitude limit, is
not valid for the large propagation angle, 6 (which makes the
wave amplitude large enough to break the condition 1 < en,).
We also note that as we decrease [, i.e., increase the angle
between magnetic field (B,) and propagation vector k, the
amplitude of the soliton increases, whereas its width de-
creases for (). >(1-1,) and increases for . <(1-1,), while
for small values of € the amplitude of the soliton decreases.
A decreasing soliton amplitude may therefore be attributed to
the decreasing soliton energy, which may be possible due to
the reflection of ions and positively dust particles from the
electrostatic field generated inside the plasma. Another rea-
son for the decrease of the soliton amplitude may be due to
the wave particle energy exchange mechanism, the calcula-
tions of which are possible from kinetic theory and are be-
yond the scope of the present work.

It is seen that the effective gyrofrequency (). has no
direct effect on the amplitude of the solitary waves. How-
ever, it does have an effect on the width of these solitary
waves. It is shown that as we increase the effective gyrofre-
quency, the width of the soliton decreases, which in turn
increases the amplitude and hence the soliton energy. It
means that the effective gyrofrequency makes the solitary
structures more spiky.

To summarize, we have investigated the properties of
DAW with an adiabatic dust charge fluctuation in general
and thermionic and photoelectric currents in special, in a
magnetized rotating mesospheric plasma. We have also dis-
cussed the effect of the obliqueness of propagation and ef-
fective gyrofrequency on the dynamics of this wave. It is
observed that for given parameter values with mesospheric
dusty plasma, DAW admits the compressive soliton struc-
ture. Dust charge variations modify the soliton amplitude
directly and width inversely. Effective gyrofrequency
QO (=Q.,+20,) is inversely proportional to the width of the
soliton and hence makes the soliton more energetic and spiky
as the effective gyrofrequency increases. Rotating magne-
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tized plasmas along with variable charging currents are be-
lieved to exist in planetary magnetospheres of Jupiter
and Saturn,28 rotating interstellar clouds, and dusty
magnetoplasmas,29 and of course the tropical mesosphere.
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