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The ionization source model is considered, for the first time, to study the combined effects of
trapped electrons, transverse perturbation, ion streaming velocity, and dust charge fluctuations on
the propagation of dust-ion-acoustic solitons in dusty plasmas. The solitary waves are investigated
through the derivation of the damped modified Kadomtsev—Petviashivili equation using the
reductive perturbation method. Conditions for the formation of solitons as well as their properties
are clearly explained. The relevance of our investigation to supernovae shells is also discussed.
© 2005 American Institute of PhysidDOI: 10.1063/1.1897716

I. INTRODUCTION electrons and ions flowing onto the dust graias well as the
energy flow$ should be maintained by external sources of
_Itis well known that dust particles are common in the the plasma particles and the energy. The dissipation rate is
universe and they represent much of the solid matter in ithign. Therefore, there is a tendency to self-organization and
Dust particles often contaminate fully ionized or partially {5 formation of long-living nonlinear dissipative and coher-
ionized gases and form so-called “dusty plasma,” which oCent structures in a plasma such as shock waves, solitons,
cur frequently in nature. In astrophysics, in the early 1930S¢ayitons, collapsing cavities, etdBoth shocks and solitons
dust was shown to be present in the interstellar clouds wherg, dusty plasmas can be formed by different means. These
it appears as a selective absorption of stellar radiafitter-  are not necessarily restricted to the mode excitation due to
stellar reddening Dust particles play a very important role jnstapilities, or an external forcing, but can also be a regular
in the solar system, in cometary tails, in planetary rings, an@ojlective process analogous to the shock wave generation in
also in the evolution of the solar system from its solar nebulegas dynamics. The anomalous dissipation in dusty plasmas,
to its present form. Du§t particles are also found in environyyhich originates from the dust particles charging process,
ments such as production processes, flames, rocket exhaustgakes possible existence of a new kind of shocks related to
and many laboratory experimeritIhe dust particles are of s dissipatiorr.® In the absence of dissipatiofor if the
micrometer or submicrometer size, and the mass of the dugﬁssipaﬁon is weak at the characteristic dynamical time
particles is very large. Due to the presence of such heavycales of the systenthe balance between nonlinear and dis-
particles, the plasma normal mode could be modified. In parpersion effects can result in the formation of symmetrical
ticular, the ion-acoustic waves are one of the modified NOrxplitary waves—a soliton. Investigation of the anomalous
mal modes, which are called dust-ion-acousiA) waves.  gissipation is especially interesting at the ion-acoustic time
Shukla and Silih were the first to report theoretically the scales. The charging processes at these time scales are usu-
existence of DIA waves in unmagnetized dusty plasmas. Thg”y not in equilibrium and, hence, the role of anomalous
DIA waves have been experimentally observed in |ab0rat0r36issipation might be crucidl’ So far, study of nonlinear
experiment by Barkaret al® It was noted that in studying structures at ion-acoustic time scal@s dusty plasmawas
collective effects involving charged dust particles in dustymosﬂy related to shocke®2There has also been an experi-
plasmas, one generally assumes that the dust grains behay@ntal investigation of DIA soliton¥. The first theoretical
like point charges. In fact, the charges on the dust particlegtudy of DIA solitons in dusty plasmjefwsed an approxima-
are not constant, because the imbalance of electron curregg, neglecting absorption and scattering of electrons and
and ion current flowing through the grain surface causegons py microparticles. These processes, resulting in the
charge fl_uctuation. On the other hand, one can consider dusghomalous dissipation, make the existence of “pure” steady-
plasma is always an open system because the currents @hie nonlinear structures impossibid.ater, the influence of
the anomalous dissipation on DIA solitons was studied by
dAauthor to whom correspondence should be addressed. Electronic maiPopeIet a|_12 On the other hand, they investigated the evo-
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with the trapped electrons are very different from those withthe propagation of the DIA solitons are given in dimension-
the Boltzmann electrons. They related the possibility of exdess variables as follows:

istence of the solitons to the fact that in case of the presencf% ¢ positive ions
of trapped electrons the width of the region of the Mach '

number (for which soliton solution are possiblés much ay o d

wider than in the case of Boltzmann electrons. During its g T g 1Y) +(9_y(”i“iy) =~ Venlli + Ve, (13
evolution the soliton is slowed down. Thus in the case of

Boltzmann electrons, the soliton leaves the region of the 9, o 0 an; a
Mach number inherent in solitorte/hich is rather narrow for E(niuix) + é_X(niUix) + [?_y(niuixuiy) + ZUini& + ni&

the case of Boltzmann electrgngery soon, and the soliton

transforms to the shocklike perturbation. Consequently, for = —Unuy, (1b)

the existence of the damped solitons the perturbation should

have an initial form, so that it would allow the presence of

both free and trapped electrons. Otherwise, there is a possi-

bility of an appearance of DIA shocks in dusty plasmas. El-

Labanyet al™® studied the effects of trapped electron tem-

perature, dust charge variation, and grain radius on theyr dust grains,

nonlinear DIA waves in dusty plasma having trapped elec-

trons. It has been shown that the nonlinear DIA waves damp ~ %Md i(n Ug) + i(n Ug) =0 (2a)
o dUd dUdy. )

waves and these waves are governed by a damped modified dt X ay

Korteweg—de Vries equation. It was found that only com-

J J J an; J
a(niuiy) + &(niuixuiy) + a—y(niuiz;) + 2<Tini5I + ni_¢

ay

= _’;niuiy, (1C)

pressive DIA solitons can propagate in dusty plasmas with  dugx . gy . gy . 20qdny zg,°>zd b _
trapped electrons. The amplitude and the width of the soli- at dX o dy N pg X g OX o
tons depend mainly on the trapped electron temperature, dust (2b)
charge variations, and grain radius. The existence of the soli-

tons is independent of the trapped electron temperature. Fi- 0)

nally, it is necessary to mention that the form of the initial My + de% + udy% + 2040Ng - Zd Za9¢ =0
perturbation could be important from the viewpoint what we a 28 N Mg Yy Ma Y

want to observe, shocks or solitons. For example, both DIA (20

shocké and DIA solitons® were observed in a double N o q . 4 el led
plasma device at the Institute of Space and Astronautica-L € p(r)]smv_e lons, dust grains, and electrons are couple
Science(Japan. In both experiments the plasma conditions through Poisson’s equation,

were (almos) the same but the difference was in initial per- FPp  Fd
turbation. a2t Py +n = Z0Zng = n=0. (€)
The aims of this paper are the following) determine _
the condition when the existence (@fuas) steady-state soli- In the dynamical system, some of the electrons are at-

tons is possible in case of a weak dissipati@in,investigate  tached to the dust grains to form the charged dust grains,
the combined effects of trapped electrons, transverse pertufhile some of the remaining electrons are bounced back and
bation, ion streaming velocity, dust charge fluctuationsforth in the potential well, lose energy continuously and, as a
variation of the ion density, ion momentum dissipation, and'esult, become ultimately trapped electrons. However, to
the source of plasma particles on the propagation charactegonsider the effect of trapped electrons the following in-
istics of the DIA solitons, andii) describe the DIA solitons €quality must be satisfied:

that may appear in supernovae shells.

This paper is organized as follows: The basic equations
governing the dynamics of the nonlinear DIA solitons arewheretsg is the characteristic time of the soliton formation
presented in Sec. Il. In Sec. Ill, the condition under whichand L is the soliton width. The magnitude tf, is of the
the solitons can be formed is obtained. The evolution of thedrder of afeWw,;il (Wherewy, = V4me?n; o/ m ¢ is the ion and
nonlinear DIA solitons is described through the derivation ofelectron plasma frequengythe spatial scaléq is about
the damped modified Kadomtsev—Petviashivili equation angeveral\pe. Thus, Le,/vTe~ wpe, and therefore the last in-
its approximate solution is obtained. In Sec. IV, the relevanc&quality normally holds? In this case, the electron density is
of our investigation to supernovae shell is discussed. Sec. Wefined from the Vlasov equation consisting of free and
is devoted to the conclusions. trapped electrons. Following Schanfétthe nonisothermal-

ity of the plasma is introduced through the electron densities
that have the normalized form

tso1= Lso/UTe

Il. MODEL

4 1
We consider fully ionized, collisionless, unmagnetized Ne=1+¢ - §b¢3/2+ Ed’z +oee (4)
dusty plasmas consisting of a mixture of warm positive ions, _
warm negatively charged dust grains, and nonisothermaHereb[=(1-p8)/\x] is a constant depending on the tempera-
electrons. In two dimensions, the basic equations describintyre parameters of resonant electrdnsth free and trapped
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and B[=T.¢/ T represents the ratio of the free electron tem-charging but in dimensional forms. When the soliton wave

peratureT,; to the trapped electron temperatdirg. structure has formed, the soliton widllf is described by the
Equations(1)—(4) are completed by the normalized dust following theoretical estimate:

grain charging equatioﬁ’,

AL
dz, — <1, (6)
o Line exp(LsZy) + Loni(F1 = FoluZy), (5 p
where p=(M|¢g|/ dmngrgay) Y3, {=x—-Mt, M[=V/C] is the
where Mach number is the soliton speedp, is the soliton am-
L,= (néo)rf,/wpiZE,O))V"—SwTeflme, plitude, vy is the grain charging'ratg, .an.d it was given in Ref.
4. When one uses the inequalit§) it is important to deter-
L,= (néO)rS/wpiZEjO))VBWTi/my mine Which terms are more important, i.e.: if one considers
some nonlinear structure and its characteristic witlfh< p,
= — (270 then this nonlinear structure is soliton. Otherwise, if the char-
Lg=—(e"Zy/CpTey), -
acteristic scale of the change of the parameters of the struc-
L,=- (ezsz)/CpTi), ture §atisfies the inequalit&{> p then this nonlinear struc-
ture is expected to be shock wave.
\’,77 1 To investigate the behavior of the small, but finite, am-
Filug)=—(1+ Zﬁ)erf(uo) +—exp(- uﬁ), plitude DIA solitons in dusty plasma, we employ the stan-
4, 2 dard reductive perturbation meth8d.According to this
— method, the independent variables are stretch&tf'as
NTT
Fy(u,) = e erf(u,). g=eM(x—\1), =&Yy, 7=, (7a)

(¢]

In Egs.(1)—(5), n;, ng, andn, are the densities of positive Wheree is a smallness parameter measuring the weakness of
ions, dust grains, and electrons, respectiveylq=i andd] the nonlinearity and. is the wave speed normalized B
are the velocities of positive ions and dust grains, respeclhe dependent variables are expanded as
tively. ¢ is the electrostatic potentiat,andy are the space w
coordinates, antlis the time variabler, is the frequency of Y =0+ S D2y (7b)
ion recombination on dust particles, is the plasma ioniza- =1
tion frequency, and is the frequency characterizing a loss
in ion momentum due to recombination on dust particlesvhere
and Coulomb elastic collisions between ions and dusts. W =[N U U 2 Z4]T (70
ai[=T,/Tof] and o[=T,4/ T are the ratios of the tempera- I dHio B B dd
tures of positive iond; and dust graing, to the free elec- o T
tron temperaturelys. Z4 denotes to the dust grain charge W =[,6,U0,0,0,1". (7d)
number.ug =my/m;] is the ratio of the dust grain masg; to
the ion massn. Cy[=ryexp(-rq/\p)] is the capacitance of
the spherical dust grains, is the radius of the dust grains. Ui gy = g5l4ui<’1d)y+ 87/4u§?(}y+ e (79
Uo[=v,/ V1] is the ion streaming velocity,, is the unnormal-
ized ion streaming velocity, and.[=(T,/m)¥2] is the jon  We assume that the ion streaming velocity is alongxtagis
thermal velocity. We normalized all physical quantities asOnly- Applying the relation7a)—(7e) to the basic equations
follows: The background electron density’ normalizes the (1)—(5) and following the usual procedure of the reductive
densitiesyl, by the ion-acoustic sped@l[=(To;/m)2], ¢ by perturbation method, the lowest-order terms yiel& have

wherevu; 4, are given as

T.i/e, t by the inverse of the plasma frequeney', x andy ~ assumed thaten~ £¥*vene 11~ %m0 and v~ e¥*yy),
by the electron Debye Iengvkbe=(Tef/47re2ni(°))1’2, Vern Vis s s -G -G _E
and7 by the plasma frequencyy,. Zy by the unperturbed “nP==yd= nt = ull) = z\P

- a A 67070 T\ZOTX T Ry (aQr9) @
number of charges residing on the dust grazi@. The 1 d d
charge neutrality at equilibrium requires thaf’=z"n{ =W, (8a)
+n?, wheren® andn” are the unperturbed ion and dust
number densities, respectively. Eaui(x}) -G aug,) ~ 9 .

N o€ NZ© o an

IIl. SOLITON EXISTENCE CONDITION and Poisson’s equation gives the following dispersion rela-

AND NONLINEAR ANALYSIS tion:

Before going to nonlinear development, itis necessaryto o 6Z? 6RZY adQZY
clarify the condition under which the solitons can propagate st e TTF TTEs U (8¢)
in dusty plasma. This condition could be derived from Pois-
son’s equation and the equation describing the dust particlehere
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R=-Li-Lils—3Lil3 Q=Fil,~Falol,, 0
F=-Lls-LiL2-Fololsa, S=A2-20a, 3 °®
0.2
G= )\2/.Ld - 20’d5, )\1 =\N- Uixo- 0.15
0.1
If we consider the next order i#, we obtain a system of 03 04 05 06 07 08 09 1
equations in the second-order perturbed quantities as !

- N—n ) 4 )\ 1) + a—u(z u-(l) EIG. 1. Glr?ph oiw vs € for_a 1.2, 6 _0.0l,ne _103, Zy4 20,_>\ 1.35,r4
155 T o9& X 377 iy =1.2X10%8, T;=0.02, T=0.2, T=0.4, T4=0.01, uy,=0.5, v
=0.000 12,7,,=0.000 09,r,=0.000 16, andr=3.

=~ Vend'y o+ V|0n<l (%93
—)\Za u? -, )\l_n(z) Nag ul + qu, —u(l) x=€¢&+my-Ur (11
ag IX IXO ag )\1 (9’7' IX IXOa77 ’
where y is the transformed coordinates with respect to a
voha ()

+ 20iaini(2> + ai¢(2) =— i, (9p)  frame moving with velocityl. ¢ and m are the directional
23 %3 A cosine of the wave vectds along the¢ and 7 axes, respec-
tively, so that¢?+m?=1. Equation(10) can be integrated,

BN I 1) + (2)+ 7 with respect to the variablg and using the vanishing bound-
A gn )\ Y gu 0 nu =0, (90 ary condition for¢™ and their derivatives up to second order
for | x| — e, we obtain the time evolution solitary wave form
0 . :
N2 9 W2+ )\ S+ , 040 9 o Eiq@ _0, (90 approximate solution as
é’f My IE 4 My 0& S B(He (/2ACH) 12
¢ = He"W2ACT gech BT R (12)
14
z¥ = E{ ébRéb(l)glz— Rep®@ - Qni(Z)} : (9¢)  whereg= ¢Y. To obtain the value ofl, let C=0 in Eq.(10)
and then its solution is given by
—\2 —
24D =702 07(2) _ 12 4 K@) 15h h
a ¢> =Zyng + 8252 - mi? + ng (9f) =< )Secﬁ 13
% =\ sape? V ganc*" 13

Differentiating Eq.(9f) with respect to¢ and inserting  \yhere y is the transformed coordinates with respect to a
Egs. (8) and (9a—(9¢), we obtain the following damped frame moving with veIocityU at C=0 (i.e., for C=0; y
modified Kadomtsev—PetviashiviDMKP) equation as _ — — — ) o '

—x, andU—U). h:U€—§£D(l—€ ). From Eqgs.(12) and

3 [,94)(1) 2,570 1 Aa?'cb(” I ¢(1} (13) it is clear thatH=(15n/8AB(2)2 Therefore, Eq(13)
pr 3

0é 2 Pl can be rewritten as
1 P = ¢, sech(x/w), 14
2 o where the amplitudep, and the widthw are given by
where (15h/8AB(2)2e"12ACT gng \/(8aA€4/h)\/e(1’2)ACT, respec-
_ tively. From Eq.(14), it is clear that stable solitary waves
2 (0)2 0) 1
- P aludzzd + )‘)‘1“&?2& + M;“} exist only wherw is real.A, C, andr are always positive but
G FS ’
oRZY
] p
F
Cc= [1 + érQZEIO):||:)\2&'Vcho_ Aovio + )\aVo:|
F g S SN

2 0)2 2 0
_ | Mougzi? | ( Q7 >)
G? 82 F '
FIG. 2. Graph ofw Vs Uy, a@=1.2, §=0.01, n,=1C, Z4=20, £=0.5, r4
Ao =N = 2Ujyq- =1.2X1018, T;=0.02, To=0.2, To=0.4, T4=0.01, 14,,=0.00012, v,

_ . _ _ =0.000 09,4,=0.000 16, and=3; (—) for A=1, (---) for A=1.2, and(- -~ -")
To obtain the solution of Eq10) we introduce the variable for \=1.5.
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FIG. 3. Graph ofw Vs v, a=1.2, §=0.01, n,=10C%, Z4,=20, £=0.5, r4
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Fmay be negative. To ble>0 the following condition must
satisfy:

Phys. Plasmas 12, 052318 (2005)
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FIG. 5. Graph of¢, vs €. The parameters are the same as those of Fig. 1.

<1, and(iv) rg<1 um: Mendig® cleared that the superno-
vae shells are one of the space plasma observations which
satisfy the last four conditions. The typical plasma parameter
values are n.=10°cm3, T,=0.2 eV, ng=10 cnm3, ry
=0.01 um, Z4=20. However, the other parameters were not

¢ AD given in Ref. 18. So, these values are supposed to investigate
1-¢2 >—. (15 their effects on the behavior of the solitons. From the data we
2U can calculate the value ef=1.2 and$=0.01.
From the last condition, it is clear that the existence of soli-  Before going to investigate the soliton behavior that may

tary waves requires a necessary condition dependiny An
andD. Also, one can notice that fok=0 the soliton cannot
exist. On the other hand, wheN=\.=(2aT;/Te)*? or
(26T4/ Tosug)*? the value ofS or G equals zero and thefy
=0.

IV. DISCUSSION

appear in the supernovae shells, it is important to check the
validity of the inequality(6) for the supernovae shells plasma
parameters. Actually, it is found that the ratid/p is of the
order 102 Therefore, the inequalit6) is well satisfied and
the nonlinear structure in the supernovae shells is expected to
be soliton.

The behavior of the soliton width is displayed in Figs.
1-4. Figure 1 shows the dependencewobn ¢. It is clear

Now, one may ask to what extent the fluid equations thathatw decreases witlf; from £=0.289 to 0.4 but it increases

were used are applicable to experimental situations or spadeéom €=0.4 to 1, while the values df<0.289 gives unstable
plasma observations? At the beginning, we have assumewplitons due to the conditiofi5). From Fig. 2, itis clear that
that the system under investigation is a fully ionized, weaklyw decreases with,, at different values ok. The lower limit
coupled, three-component dusty plasma consisting of warrf A can be calculated from E¢8¢). For certain values of
variational charged dust grains, warm positive ions, andhere are only some specific values f, that cannot be
nonisothermal electrons. Also, we have neglected the effe@xceeded. It is obvious also that whep, increases the
of gravity. Fully ionized means that there are no neutrals iwidth does not decrease rapidly. Figure 3 clears the relation
the plasma. The term dusty plasma means thai, <1, betweene and vy, (vj). It is seen thatw increases(de-
whered is the intergrain distance between dust particles an@reases with v, (vjo). From Fig. 4, it is noticed that
\p is the dust plasma Debye raditisVeakly coupled means increases withy, and .

that the coupling parametdt<1. To neglect the effect of The behavior of the soliton amplitudg, is displayed in
gravity the dust particle sizel$y) should not be more than Figs. 5-9. It is obvious from Fig. 5 thaj, increases witH;

1 um. Actually, we have an example that achieves these foutrom €=0.289 to 0.6 but it decreases frofs 0.6 to 1. From

conditions: (i) there are no neutralgji) d/xp<1, (i) ' Fig. 6, we can see thaf, increases very slowly withy, but
at certain values of,, it goes up suddenly. Figure 7 clears

that ¢, increases wittB. The amplitude increases slowly for

0.1046
0.104508
0.104595
0.104583

0.10459
0.104588
0.104585
0.104583

06 t

.g_ 04 /
f i
02 .
0 0.0001 0.0002 0.0003 0.0004 S
I == o T

0 01 02 03 04 05 06
FIG. 4. Graph ofw vs v, @=1.2,5=0.01,n,=1C% Z4=20,¢=0.5,r4=1.2 Upo

X 10718 T,=0.02, T¢=0.2, T=0.4, T4=0.05, uy,=0.5, A=1.35, v,

=0.000 12, andv,=0.000 09;(—) for 7=1, (----) for 7=2, and(--~-- ) for FIG. 6. Graph ofe, vs ujy,. (—) for A=0.9,(---) for A\=1.3, and(- -~ - ) for
7=3. N=1.5. The parameters are the same as those of Fig. 2.
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FIG. 7. Graph of¢, vs 8 for @=1.2, §=0.01,n,=1C, Z4=20,\=1.35,r4
=1.2}10°% T;=0.02, T,=0.2, T4=0.01,£=0.5, Uy,=0.5, 1:4o=0.000 12, EIG. 9. Graph ofh, VS v, (—) for 7=1, (-—) for 7=2, and(--~-") for 7
¥ip=0.000 09,1,=0.000 16, andr=3. =3. The parameters are the same as those of Fig. 4.

negativeg but it increases rapidly for positive. From Figs.  existence of solitons requires a necessary condition depend-

8 and 9, it is clear tha#, decreases witlv.,,, v, and7but  ing on¢, A, D, as well as\. We have referred to the super-

it increases withy,. novae shells as an application to our study and it is found
Now, it is important to clarify that we have studied the that the soliton width(amplitude decreasesincreasek for

soliton which has a following characteristic property; it is alower values off and increase&ecreasegor higher values

coherent pulse whose shape and speed are not altered byf¢. The soliton width(amplitude decreasegincreases

collision with other solitons® This property is inherent in all  with uj,,. The soliton width increases with,, v,, andr but

solitons. it decreases withy,,. The soliton amplitude decreasés-
It is interesting also to compare the one-dimensionakreaseswith v.,o, v,, andr (8 andv,,).
(1D) case results of Popett al*? with 2D case results pre- Although we have referred to the supernovae shells as an

sents here. For 1D case, Poptlal!? cleared that the per- application to our study, the present analysis is applicable to

turbation amplitude decreases with time. This result agreesther experimental situations or space plasma observations
with our investigation(see Fig. 9. However, for 1D case the that achieve the four condition§) there are no neutralsij)
value of £ equals unity while for 2D casef, varies from  d/Ap<1, (iii) I'<1, and(iv) r4<1 um and also satisfy the
0.289 to 1. On the other hand, our model clarifies that thenequality (6).

wave cannot propagate for any directions but in the direc-

tions that satisfy Eq(15) only. This result could not be ob- ACKNOWLEDGMENTS

tained for 1D case. Thus, we can consider this study as & The authors are grateful to the anonymous referee for
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