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Effect of nonadiabaticity of dust charge variation on dust acoustic waves:
Generation of dust acoustic shock waves
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The effect of nonadiabaticity of dust charge variation arising due to small nonzero values oftch/td has been
studied wheretch andtd are the dust charging and dust hydrodynamical time scales on the nonlinear propa-
gation of dust acoustic waves. Analytical investigation shows that the propagation of a small amplitude wave
is governed by a Korteweg–de Vries~KdV! Burger equation. Notwithstanding the soliton decay, the ‘‘soliton
mass’’ is conserved, but the dissipative term leads to the development of a noise tail. Nonadiabaticity generated
dissipative effect causes the generation of a dust acoustic shock wave having oscillatory behavior on the
downstream side. Numerical investigations reveal that the propagation of a large amplitude dust acoustic shock
wave with dust density enhancement may occur only for Mach numbers lying between a minimum and a
maximum value whose dependence on the dusty plasma parameters is presented.
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I. INTRODUCTION

Experimental and theoretical investigations on low a
very low frequency collective oscillations in a plasma co
taining micrometer sized charged dust grains—so-ca
‘‘dust ion acoustic’’ and ‘‘dust acoustic’’ waves have cu
rently gathered momentum@1–9# because of possible appl
cations in space physics, astrophysics and also in many l
ratory situations. Recently, dust ion acoustic~DIA ! shock
waves have been observed in the laboratory in unmagne
dusty plasma@10,11#. The experimental findings are com
pared with theoretical results assuming that shock w
propagation is described by KdV Burger equation. The j
tification of the choice of the KdV Burger equation as
viable technique for description of dispersive shock wa
was considered much earlier@12#. A dispersive shock wave
is generated in a plasma when wave breaking due to
nonlinearity is balanced by the combined action of disp
sion and dissipation. In absence of dissipation balancing
dispersive effect leads to the generation of solitons descr
by KdV equation. On the other hand, when dissipation do
nates, the shock front exhibits monotonic transition
plasma density, while the shock transition is of oscillato
nature when the dissipation is weak. Dissipation is of
caused by viscosity and is taken into account by the Bur
term in the KdV Burger equation@13#. Landau damping and
particle reflection may also cause dissipation leading to
generation of the so-called collisionless shock waves w
oscillatory shock structure. One of the purposes of this pa
is to show that when viscosity or Landau damping effects
not important in a dusty plasma, the nonadiabaticity of
dust charge variation provides an alternate physical me
nism causing dissipation and as a consequence this gives
to shocks for which both monotonic and oscillatory stru
tures are possible. It is also seen that such shocks are

*Present address: Department of Applied Mathematics, Univer
of Calcutta, Calcutta 700 009, India.
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scribed by the KdV Burger equation and thus justifies
assumption made for the agreement of theoretical res
with experimental findings@11#.

Due to their very large inertia, the dust grains do n
participate in the motion in the case of dust ion acous
waves which have higher frequency compared to that of d
acoustic waves. As a result, the dust grain density is scar
affected in dust ion acoustic shock waves@14–16#. Dust
grains respond only to the very low frequency dust acou
~DA! waves. The variation of dust density resulting fro
propagation of compressional dust acoustic shock wave
however, of significant importance in an astrophysical co
text. Condensation of dust density resulting from propa
tion of dust acoustic shock wave through dust molecu
clouds and the consequent enhanced gravitational interac
is considered as a viable process for star formation@17,18#.
A similar conclusion is also suggested by the fact that
increase in dust density and the associated decrease in
charge has the consequence that the critical length for Je
instability is lowered@19,20#. Here we have addressed th
problem of propagation of compressional dust acoustic sh
waves resulting from nonadiabatic dust charge variation.
this end some introductory comments on the role of d
charge variation and its different possible approximations
the dynamics of dust acoustic waves are in order.

The chargeQd on the dust grain is an extra dynamic
variable, which controls the grain motion but itself is to b
determined from the grain charging equation

dQd

dt
5I e1I i5I , ~1!

whereI e andI i are the plasma electron and ion current flo
ing to the dust surface. Defining hydrodynamic time scale
td5vpd

21 where vpd is the dust plasma frequency and th
grain charging time scale bytch5nd

21 wherend is the grain
charging frequency, Eq.~1! can be expressed as

ty
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dQd

dS t

td
D 5S td

tch
D I

nd
. ~2!

For td /tch5nd /vpd'0, one may putdQd /dt'0 yielding
Qd5const5Qd0. In this approximation the plasma is effe
tively a three component plasma—one positive~ion! compo-
nent and two negative ones, viz., the electrons and the
crometer sized heavy dust grains raised to a cons
negative chargeQd0 by impinging plasma currents.

Under the opposite extreme approximation, i.e., fortd
@tch (vpd /nd'0) the dust charge variation on the hydr
dynamic time scale may be neglected and the dust char
equation~1! reduces to

I e1I i50. ~3!

Since the electron and ion currents flowing to the dust gr
surface depend both on the local electrostatic poten
f(x,t) and the grain chargeQd @see Eqs.~11!–~14!#, Eq. ~2!
describing ‘‘adiabatic variation’’ of the dust charge, giv
the latter as a function off(x,t). The local equilibrium
value of Qd obtained by the assumption of adiabatic var
tion of dust charge provides an approximate description
the charge state of a dust grain in a truly dusty plasma.
actual grain charge is, however, a dynamical variable to
determined self-consistently from the charging equation~1!
coupled to the fluid equations and Poisson’s equation.
local equilibrium value or the adiabatic state dust cha
given by Eq. ~2! is an approximation to the actual du
charge forvpd /nd'0.

Nonlinear propagation of dust acoustic waves have b
investigated by many authors in both extreme ca
nd /vpd'0 @21–23# under different conditions and also fo
vpd /nd'0 @24–27#. Among them Rao and Shukla@28# first
incorporated the dust charge variations in the nonlin
theory. In these analyses, it was shown that nonlinear
acoustic waves form solitons described by the KdV equat
Propagation of large amplitude solitary dust acoustic wa
has also been studied by the pseudopotential method.
results in the two extreme cases differ only in respect of
magnitude of amplitude and velocity of the solitary wave

The scenario changes drastically as we have shown in
paper when nonadiabaticity of the dust charge variation
taken into account by inclusion of the effect of dust cha
variation on hydrodynamic time scale through replacem
of Eq. ~2! by (I e1I i)/nd5(vpd /nd)@dQd /d(t/td)#. In this
paper, we study the nonlinear propagation of dust acou
waves for smallvpd /nd both analytically for small ampli-
tude waves and numerically for large amplitude waves. T
effect of nonzerovpd /nd has recently been considered@26#
but the result was obtained using only a linear approxima
of dust charging equation. We have, however, systematic
retained nonlinear contributions from Eq.~1! to appropriate
higher orders. Employing the reductive perturbation te
nique with the scalingvpd /nd5O(Ae) wheree is the usual
expansion parameter, it is seen that nonadiabatic dust ch
variation following from Eq. ~1! plays a dissipative role
within consequence of which the nonlinear propagation
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small but finite amplitude dust acoustic wave is seen to
governed by the KdV Burger equation. The presence of
Burger term prevents any disturbance from developing i
solitons and instead leads to the formation of a shock
structure on the downstream side exhibiting either monoto
or oscillatory behavior. The generated dust acoustic shoc
a compressional one providing sufficient dust density
hancement which is a prerequisite for star formation throu
subsequent gravitational contraction. The dust wave elec
static potential becomes negative, and the negatively cha
dust grain is raised to higher energy state as the wave pa
through it.

Another effect of the Burger term is that the amplitu
and velocity of an initial soliton structure decay algebraica
with time. The soliton ‘‘mass’’*2`

1`fdx ~f is the wave am-
plitude!, however, remains conserved leading to the gene
tion of the so-called ‘‘noise tail’’ as the initial structure de
cays @29#. On the other hand, in the opposite extrem
approximation, i.e., for a small nonzero value ofnd /vpd the
dust acoustic wave equation is governed by the KdV eq
tion with a linear damping term. The soliton ‘‘mass’’ is no
conserved, it decays exponentially and no shocklike struc
develops.

The paper is organized in the following manner. Sect
II contains the basic equations. The KdV Burger equat
describing the propagation is derived in Sec. III. In Sec.
we present the results obtained from the KdV Burger
scription of the small but finite amplitude dust acous
waves. Propagation of large amplitude wave is considere
Sec. V. It is found that nonadiabaticity of the dust char
variation ~nonzerotch/nd5vpd /nd) leads to the generation
of the dust acoustic shock wave when the Mach number
between a dusty plasma parameter dependent minimum
maximum value. This has been shown by numerical integ
tion of the equations of motion of the dust fluid and t
Poisson’s equation is coupled to the dust charge variat
Finally, a summary of the results is presented in Sec. VI

II. BASIC EQUATIONS

The space and time coordinates (x,t), the grain number
density, velocity charge (nd ,nd ,Qd), and the electric poten
tial f(x,t) are nondimensionalized by the substitutions

X5
x

lD
, T5vpdt, N5

nd

nd0
, V5

nd

cd
,

Q5
Qd

zde
, F5

ef

Te
, ~4!

vpd5Azd
2e2nd0

e0md
, lD5A e0Te

e2S ne01
ni0

s D ,

~5!

s5
Te

Ti
, cd5AzdTead

md
, ad5

zdnd0

S ne01
ni0

s D .
6-2
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The charge on the dust grains surface is2zde at x52`
where the plasma is assumed to be in the undisturbed
form statef50,ne5ne0 ,ni5ni0 ,nd5nd0 so that

ni05ne01zdnd0 . ~6!

On the slow time scale, the electrons and ions are in lo
thermodynamic equilibrium, their densities are

ne5ne0 exp~F!; ni5ni0 expS 2
F

s D . ~7!

In terms of the nondimensionalized variables the dust fl
equations are

]N

]T
1

]~NV!

]X
50, ~8!

]V

]T
1V

]V

]X
52

Q

ad

]F

]X
. ~9!

Poisson’s equation takes the form

]2F

]X2 52@ni0e2F/s2ne0eF1zdnd0QN# ~10!

and the grain charging equation is

S vpd

nd
D S ]Q

]T
1V

]Q

]X D5
1

nd

~ I e1I i !

zde
, ~11!

whereI e andI i the plasma electron and ion currents flowi
to the dust grain surface are given by@30–32#.

I e52pa2eA 8Te

pme
ne0 exp~F1zQ!, ~12!

I i5pa2eA 8Ti

pmi
ni0S 12

z

s
QDexpS 2

F

s D , ~13!

z5
zde2

4pe0aTe
. ~14!

The grain charging frequency@33#

nd5
]~ I e1I i !

]Qd
U

Qd52zde

5
a

A2p

vpi
2

Vthi
~11s1z!. ~15!

The ion electron density ratio is obtained in terms of t
plasma parameters by equating to zero the total currenI e
1I i at x52` where the plasma is in undisturbed state w
f50 and dust charge

Qd5Qd052zde ~16!

giving

d5
ni0

ne0
5

As

~s1z!
Ami

me
e2z. ~17!
04640
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Equations~6!–~17! represent all the basic equations and in
connections between the plasma parameters which go
the propagation of dust acoustic waves.

III. NONLINEAR WAVE PROPAGATION EQUATIONS

A. KdV Burger equation „nonadiabatic charge variation…

It is assumed thatvpd /nd is small but finite

vpd

nd
5nAe, ~18!

wheree is small andv is of order of unity and apply reduc
tive perturbation method with stretching

j5Ae~X2lT!; t5e3/2T. ~19!

The dust dynamical variablesN,V,Q5Qd /zde and the po-
tential F are expanded as

N511eN~1!1e2N~2!1¯ ,

V5eV~1!1e2V~2!1¯ ,
~20!

Q5211eQ~1!1e2Q~2!1¯ ,

F5eF~1!1e2F~2!1¯ .

Substituting the expressions forQ and F from Eq. ~20! in
Eqs. ~12! and ~13! and using the ordering equation~18! the
dust grain charging equation~11! takes the following form in
terms of the stretched variables:

e2nl
]Q~1!

]j
5e~bdF~1!1Q~1!!1e2FbdF~2!

1
1

2

zbd
2

~s1z!~11s1z!
F~1!2

1Q~2!G ,
~21!

where

bd5
~s1z!~11s!

zs~11z1s!
. ~22!

Expressions for dust grain chargeQ(1) andQ(2) of the order
of e ande2 now follow:

Q~1!52bdF~1!, ~23!

Q~2!52bdF~2!2
1

2

zbd
2

~s1z!~11s1z!
F~1!2

2nbdl
]F~1!

]j
.

~24!

The standard procedures applied to the dynamical equat
~8!,~9! and Poisson’s equation~10! yield the following rela-
tions between the dependent variables of the order ofe and
of e2:
6-3
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N~1!2
V~1!

l
50, ~25!

V~1!1
F~1!

adl
50, ~26!

F~1!1ad~N~1!2Q~1!!50, ~27!

]N~1!

]t
1

]~N~1!V~1!!

]j
5l

]N~2!

]j
2

]V~2!

]j
, ~28!

]V~1!

]t
1V~1!

]V~1!

]j
1

1

ad
Q~1!

]F~1!

]j
5l

]V~2!

]j
1

1

ad

]F~2!

]j
,

~29!

]2F~1!

]j2 5adN~2!2F bd

l2 1

S d

s221D
2S d

s
11D GF~1!2

2adQ~2!

1~11adbd!F~2!. ~30!

l for dust acoustic waves follow from Eqs.~23! and ~25!–
~27!

l5
1

A11adbd

, ~31!

where ad5(d21)/@(d/s)11# by Eqs. ~4!, ~5! and bd is
given by Eq.~22!.

Next on eliminating the second order quantitiesQ(2),
N(2), andF (2) from Eq.~30! with the help of Eqs.~24!, ~28!,
and~29!, we obtain the KdV Burger equation describing t
propagation of nonlinear dust acoustic waves forvpd /nd

5O(Ae)

]F~1!

]t
2aF~1!

]F~1!

]j
1b

]3F~1!

]j3 5m
]2F~1!

]j2 , ~32!

where

a5
l3

2 F 3

adl2 1
zadbd

2

~s1z!~11s1z!
2

S d

s221D
S d

s
11D G ,

~33!

b5
l3

2
, m5n

l2~12l2!

2
. ~34!

B. Damped KdV equation

If it is assumed thatnd /vpd is small but finite, i.e.,

nd

vpd
5ne3/2 ~35!
04640
then the situation is opposite to that discussed in Sec. II
The scaling~35! applied to the grain charging equation~11!
leads to

Q~1!50,
]Q~2!

]j
5S 11

1

s DF~1! ~36!

while the set of relations~25!–~27! remain unchanged. Con
sequent to the vanishing ofQ(1) the ~normalized! phase ve-
locity turns out to unity. After some algebra one finds th
the propagation is in this case governed by the KdV equa
with a damping term

]F~1!

]t
2 lF~1!

]F~1!

]j
1

1

2

]3F~1!

]j3 1gF~1!50, ~37!

where

l 5F 3

2ad
2

~d21!

2S d

s
11D G , g5S 11

1

s D ad

2
. ~38!

IV. CONSERVATION OF MASS AND SHOCK
STRUCTURE

A. Soliton decay: Noise self

It is easily seen from the KdV Burger equation~32! that
the soliton mass remains conserved

]

]t E F~1!dj50. ~39!

On the other hand,

]

]t E 1

2
F~1!2

dj52mE S ]F~1!

]j D 2

dj. ~40!

The method of Karpman and Maslov yields the approxim
solution

F~1!~j,t!5A~t!sech2AaA~t!

12b F j2
a

3 E
0

t

A~y!dyG ,
~41!

where

A~t!5
A0

S 11
4A0amt

45b D . ~42!

The dissipation causes the soliton amplitude to decay a
braically and transfer to so-called ‘‘noise tail’’@29#

F tail5S 4m

15DA A0

S 11
4A0amt

45b D ~43!

and thus allow for the conservation of soliton mass.
6-4
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B. Shock structure: Energization of dust particles

The Burger term in Eq.~32! implies the possibility of
existence of the shocklike structure. On transforming to
wave frame

h5Vt2j5Ae
@cd~l1eV!t2x#

lD
~44!

the KdV Burger equation~32! reduces to

d2F~1!

dh2 5
V

b
F~1!1

a

b
F~1!2

2
m

b

dF~1!

dh
. ~45!

Equation~45! has two fixed points (F (1)50,dF (1)/dh50)
and (F (1)522V/a,dF (1)/dh50). The first oneF (1)50 is
a saddle point while the second one, viz.,F (1)522V/a is a
stable focus or a stable node according as

M.or,11
vpd

2 ~12l2!2

nd
, ~46!

whereM is defined by the ratio of the nonlinear wave velo
ity to the linear dust acoustic wave velocitycdl

M511e
V

l
. ~47!

The relation~46! is defined by using Eqs.~18! and ~47!.
F (1)(h) is obtained by numerical integration of Eq.~45!

subject to the boundary conditionsF (1)→0 at h→2`.
Thus for any value ofx the potential builds up from nea
zero value at long pastt→2`(h→2`) to a steady value

F~1!522~M21!
lTe

ea
~48!

as t→` shows shock-wave-like structure as illustrated
Figs. 1 and 2 with oscillating transition corresponding
stable focus at the second fixed point. Since the potentia
negative, the negatively charged dust is energized by
passing wave to

FIG. 1. Oscillatory shock structure for weak dissipation.n de-
fined by Eq.~18!.
04640
e

is
e

E52zdef52~M21!
lzdTe

a
. ~49!

For hydrozen ion dusty plasmaE/(M21)zdeTe is plotted in
Fig. 3 againstd5ni0 /ne0 for fixed s5Ti /Te . The ratio in-
creases withd until it reaches a maximum and then go
down. However, it is to be noted according to Eq.~17! that
with s fixed, d increases with decrease inz which for given
zd andTe is achieved only by increases in the grain radiusa.

V. LARGE AMPLITUDE DUST ACOUSTIC SHOCK

Assume that the dust fluid has a nonzero flow velocity
upstream. The upstream boundary conditions on the norm
ized variables are

N51, V5Vdr , F50, Q521. ~50!

Nonzero dust drift velocityVdr causes modification@30# of
the expression~11! for the plasma ion current to the du
grain surface by termsO(Vdr /Vthi) where Vthi is the ion

FIG. 2. Monotonic shock structure for strong dissipation.n de-
fined by Eq.~18!.

FIG. 3. E5energy@as given by Eq.~49!# to which dust grains
are raised by passing shock waves.
6-5
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thermal velocity. We neglect such contributions assum
Vdr!Vthi . Transforming to the frame of the wave with wav
velocity l

z5X2lT ~51!

and using boundary conditions~50!, Eq. ~8! is at once inte-
grated to yield

N~V2l!5u, ~52!

where

u5Vdr2l. ~53!

With V given by Eq.~52! the charging equation~11! in the
wave frame~51! becomes

S vpd

nd
D S u

ND dDQ

dj
5

1

nd

~ I e1I i !

zde
. ~54!

Set

Q5211DQ ~55!

and substitute forI e , I i , andnd . Equation~54! now takes
the form

f ~F,DQ!1S vpd

nd
DgS F,DQ,

dDQ

dz D50, ~56!

where

f ~F,DQ!5exp~F1zDQ!2F12
z

~z1s!
DQGexpS 2

F

s D ,

~57!

gS F,DQ,
dDQ

dz D5
z~11s1z!

~s1z!

u

N

dDQ

dz
. ~58!

For vpd /nd small,DQ is obtained from Eq.~57! by succes-
sive approximation. ToO(vpd /nd) we have

DQ5F~F!2S vpd

nd
D u

N
expS F

s D F~F!
dF

dz

@12xF~F!#
. ~59!

The derivation of the above approximation forDQ and the
explicit expression forF(F) are given in the Appendix.

On eliminatingV from Eq. ~9! with the help of Eq.~52!,
the equation of motion for the dust fluid reduces to

dN

dz
5

1

ad
S N3

u2 D @211DQ#
dF

dz
. ~60!

Poisson’s equation~10! is rewritten as
04640
g

d2F

dz2 52
s

d Fd expS 2
F

s D2exp~F!

1~d21!N~211DQ!G . ~61!

Equating Eqs.~60! and~61! with DQ given by Eq.~59! form
a closed system. Since the right hand side of Eqs.~60! and
~61! are free from explicitz dependence it is permissible t
choosez50 as the upstream point for purpose of numeri
integration and integrate up to large positive values ofz.
Starting from a small perturbation of the boundary con
tions ~50! and upon numerical integration of the above sy
tem of equations by Runge-Kutta-Fehlberg method of or
5, it is seen that the perturbation develops into a shock w
provided the dust velocityVdr far upstream exceeds th
phase velocityl of the wave. Prototype of the dust shoc
wave structure is shown in Fig. 4. The transition from the
upstream value to the far downstream value may occur w
an oscillating behavior.

Investigation based on numerical integration of Eqs.~55!
and~61! keepingd ands fixed but varyingu reveals certain
feature of the shock propagation. It is seen that shock wav
generated only foru5Vdr2l lying between two extreme
values

0,umin~d,s!<u<umax~d,s!. ~62!

The dependence ofumin andumax on d, for different s, was
calculated numerically and is demonstrated graphically
Fig. 5.

For adiabatic dust charge variation (vpd /nd50) exis-
tence of dust acoustic solitary waves becomes possible
vided the pseudopotential satisfies certain conditions@24,25#.
Such conditions lead to imposition of bounds on the solit
wave velocity and hence on the wave Mach number. T
dust density tends to become infinite as the limiting values
the Mach number is approached. The dust densityN associ-
ated with dust acoustic shocks, governed by Eqs.~60! and

FIG. 4. Oscillatory nature of large amplitude shock wave go
erned by Eqs.~60!, ~61!. N denotes the dust number density.n
5vpd /nd .
6-6
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EFFECT OF NONADIABATICITY OF DUST CHARGE . . . PHYSICAL REVIEW E 63 046406
~61! shows a similar behavior. Butumin or umax cannot be
determined from the analytical conditions on pseudopoten
as in case of solitary waves simply because no pseupote
can exist when nonadiabaticity of dust charge variation
taken into account. The limitsumin andumax are determined
by varyingu and integrating Eqs.~60! and ~61! numerically
until uNu→`. The graphical behavior shown in Fig. 5 give
the limiting values approximately. Figure 6 shows the cor
sponding bounds of the Mach numberM defined by

M5
Vdr

l
, ~63!

Mmin511
umin

l
, Mmax511

umax

l
. ~64!

VI. DISCUSSION

Discussions involving a summary of the results is p
sented in this section.~a! It is shown that the nonadiabati

FIG. 5. Variation ofumax andumin with ~s, d!. Large amplitude
shock wave generation occurs only forumin,U5Vdr2l,umax.

FIG. 6. Variation ofMmax and Mmin with ~s, d!. Large ampli-
tude shock wave generated by Eqs.~60!, ~61! only for Mmin,M
,Mmax.
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variation of dust charge causes dissipation represented b
term m(]2F (1)/]j2) in the KdV Burger equation~32! de-
scribing small amplitude dust acoustic shock. It is a co
sionless shock in the sense that no viscous or damping
fects resulting from collisions between dust and plas
particles are involved. It is a new physical mechanism
tirely different from that involved in generating the shoc
described by KdV Burger equation for DIA shock wave@11#.
The dissipation coefficientm is proportional to vpd /nd
5tch/td vanishes in the adiabatic limit, i.e., hydrodynam
time scaletd@tch, charging time.

~b! Steady large amplitude shock wave propagation is
scribed by coupled equations~60! and~61! for dust densityN
and electrostatic potentialF. The effect of nonadiabaticity o
dust charge variation is represented by the term proportio
to vpd /nd in Eq. ~59!.

~c! The structure of steady small amplitude shocks giv
by Eq. ~45! are shown in Figs. 1, 2. The transition from
upstream to far downstream state changes from being of
cillatory to monotonic nature as dissipationm increases.

~d! Figure 3 shows oscillatory transition of dust densityN
from upstream normalized unperturbed value~unity! to
higher value far downstream for a large amplitude shock

~e! Numerical investigation of Eqs.~60! and ~61! shows
that large amplitude shocks can occur only for upstream d
drift velocity Vdr5l1u lying between two extreme limits
l1umin and l1umax with corresponding Mach numberM
satisfying Mmin,M,Mmax @Eqs. ~62!–~64!#. The critical
Mach numbersMmin and Mmax are functions ofd5ni0 /ne0
and s5Ti /Te . The dependence ofumin , umax and Mmin ,
Mmax are plotted in Fig. 5 and Fig. 6, respectively. The du
densityN shows rapid increase withM and dust condensa
tions becomes very intense asM→Mmax ~in the numerical
integrationN→` as M→Mmax). According to the current
theory @18# such dust acoustic shock induced intense d
condensation in interstellar dust cloud may suffice to initi
gravitional contraction leading to star formation.

~f! Figure 3 shows the plot of the energyE ~with suitable
normalization! to which the negatively charged dust grai
are raised by the negative potential of the passing elec
static shock.

~g! Approximate analytic solution of the KdV Burge
equation shows that an initial solitary wave structure dec
algebraically as shown by Eqs.~41! and ~42!. The decay is
associated with development of a noise tail in conseque
of soliton mass conservation@Eq. ~39!#.

APPENDIX

Let DQ be approximately given by

DQ5F~F!1
vpd

nd
GS F,

dF

dj D ~A1!

for small vpd /nd . Substituting in Eq.~51! and Taylor ex-
panding toO(vpd /nd)
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f @F,DQ5F~F!#1
vpd

nd

] f

]DQU
DQ5F~F!

GS F,
dF

dj D
1

vpd

nd
gS F,F~F!,

dF

dj D
50. ~A2!

Equating to zero terms independent ofvpd /nd and
O(vpd /nd),

f ~F,DQ!50, ~A3!

GS F,
dF

dj D52F ] f

]DQU
DQ5F~F!

G21

gS F,F~F!,
dF

dj D .

~A4!

By taking logarithm, transform equation~A3! to the follow-
ing form:

~s11!

s
F1zDQ5 ln~12pDQ!; r5

z

~z1s!
~A5!

and expand the solution in a power series ofF

DQ5F~F!5(
k

akF
k. ~A6!

Substituting the power series in Eq.~A5! and equating coef-
ficients of different powers ofF, theak’s are obtained recur
sively

a152
~11s!~s1z!

zs~11s1z!
,

a252
a1

2r2

2~r1z!
,

S

tt

04640
a352
r2

~r1z!
Fa1a21r

a1
3

3 G ,

a452
r2

~r1z!
Fa1a31

a2
2

2
1ra1

2a21r2
a1

4

4 G ,
a552

r2

~r1z!
Fa1a41a2a31r~a1

2a31a1a2
2!

1r2a1
3a21r3

a1
5

5 G ,
a652

r2

~r1z!
Fa1a51

a3
2

2
1rS 2a1a2a31a1

2a41
a2

2

3 D
1r2S a1

3a313a2
2

a1
2

2 D 1r3a1
4a21r4

a1
6

6 G . ~A7!

It is found that Eqs.~A6! and ~A7! give F(F).
For the range of values ofF in the present calculation, i

is sufficient to evaluate the series in Eq.~A6! to terms of
degree six inF giving F(F) to error,0.01 when compared
to the exact value ofDQ given by f (F,DQ)50.

Differentiating f (F) with respect toDQ, using Eq.~A3!,
G(F,dF/dj) given by Eq.~A4! simplifies to

GS F,
dF

dj D52
u

N
expS F

s D F~F!

@12xF~F!#

dF

dj
~A8!

after some algebra, Eqs.~1! and~8! now give the expression
~59!.
ys.

.

R.

E

@1# R. K. Varma, P. K. Shukla, and V. Krishan, Phys. Rev. E47,
3612 ~1993!.

@2# M. R. Jana, A. Sen, and P. K. Kaw, Phys. Rev. E48, 3930
~1993!.

@3# N. D’Angelo, J. Phys. D28, 1009~1995!.
@4# A. Barkan, R. Merlino, and N. D’Angelo, Phys. Plasmas2,

3563 ~1995!.
@5# N. N. Rao, P. K. Shukla, and M. Y. Yu, Planet. Space Sci.38,

543 ~1990!.
@6# P. K. Shukla and V. P. Silin, Phys. Scr.45, 508 ~1992!.
@7# F. Melandso, T. Aslaksen, and O. Havnes, Planet. Space

41, 321 ~1993!.
@8# J. H. Chu, J. B. Diu, and I. J. Lin, J. Phys. D27, 296 ~1994!.
@9# G. Prabhuram and J. Goree, Phys. Plasmas3, 1212~1996!.

@10# Q. Z. Luo, N. D’Angelo, and R. L. Merlino, Phys. Plasmas6,
3345 ~1999!.

@11# Y. Nakamura, H. Bailung, and P. K. Shukla, Phys. Rev. Le
83, 1602~1999!.
ci.

.

@12# V. I. Karpman,Nonlinear Waves in Dispersive Media~Perga-
mon, New York, 1975!.

@13# M. S. Janaki, B. Dasgupta, M. R. Gupta, and B. K. Som, Ph
Scr.44, 203 ~1991!.

@14# S. I. Popel, M. Y. Yu, and V. N. Tsytovich, Phys. Plasmas3,
4313 ~1996!.

@15# S. I. Popel, A. A. Gisko, A. P. Golub, T. V. Losseva, R
Binghum, and P. K. Shukla, Phys. Plasmas7, 2410~2000!.

@16# Samiran Ghosh, S. Sarkar, Manoranjan Khan, and M.
Gupta, Phys. Lett. A274, 162 ~2000!.

@17# L. J. Spitzer, Jr.,Physical Process in Interstellar Medium
~Wiley, New York, 1978!.

@18# S. A. Kaplan and S. B. Pikelner,Interstellar Medium~Harvard
University Press, Cambridge, MA, 1982!.

@19# B. P. Pandey, K. Avinash, and C. B. Dwivedi, Phys. Rev.
49, 5599~1994!.

@20# K. Avinash and P. K. Shukla, Phys. Lett. A189, 470 ~1994!.
@21# R. Bharuthram and P. K. Shukla, Planet. Space Sci.40, 973

~1992!.
6-8



nd,

EFFECT OF NONADIABATICITY OF DUST CHARGE . . . PHYSICAL REVIEW E 63 046406
@22# F. Verheest, Planet. Space Sci.40, 1 ~1992!.
@23# C. Yinhua and M. Y. Yu, Phys. Plasmas1, 1868~1994!.
@24# J. X. Ma and J. Lin, Phys. Plasmas4, 253 ~1997!.
@25# B. Xie, K. He, and Z. Huang, Phys. Lett. A247, 403 ~1998!.
@26# S. V. Singh and N. N. Rao, J. Plasma Phys.60, 541 ~1998!.
@27# S. V. Singh and N. N. Rao, Phys. Plasmas6, 3157~1999!.
@28# N. N. Rao and P. K. Shukla, Planet. Space Sci.42, 221~1994!.
04640
@29# J. C. Fernandez, G. Rienisch, A. Bondenson, and J. Weila
Phys. Lett.66A, 175 ~1976!.

@30# E. C. Whipple, Rep. Prog. Phys.44, 1197~1981!.
@31# C. K. Goertz, Rev. Geophys.27, 271 ~1989!.
@32# J. Allen, Phys. Scr.45, 497 ~1992!.
@33# S. V. Vladimirov, Phys. Rev. E50, 1422~1994!.
6-9


