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Abstract: The head-on collision between two dust acoustic solitaryesan an unmagnetized strongly coupled dusty plasma with
dust grains of negative charge and nonextensive ions anttais are studied through the extended Poincaré-Litbo approach.
Two Korteweg-de Vries equations are derived and accorgihgb solitary wave solutions are obtained. In addition, aalgtical
expression for the phase shift due to the collision is deriifdne nonextensivity effect of both ions and electrons enctiaracteristics

of the head-on collision and the resulting phase shift dubéacollision is studied. It is found that the charactecsof the head-on
collision and the resulting phase shift strongly dependhenronextensive parameter, the ratio of ion to electronitesss well as
the ratio of ion to electron temperatures. The obtainediteefom this study can be used to understand the solitaryes/averaction
that may occur in plasma with dust impurities situations.
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1 Introduction electrons and ions. They are found that the dark solitary
waves only are propagated in such dusty plasma medium.

- Also, the properties of DA shock waves in a strongly
In the last few years, the study of the characteristics of %oupled unmagnetized dusty plasma with charged dust

strpngly coupled dusty'(cqmplex) plasmg had a'greatde articles as well as Boltzmann Distributed ions and
of |n'tere'st beca}use of its importance in industrial plasm blectrons has been studied by Shukla and Mangn [
appllcatlorjs, in laboratory plasmas as well SMost of these studies on DA Solitary waves are
als’;;?ﬁgy;:ga}lneﬂgsga?b dlljréeg bSttrﬁggr’:]yaSgO;ﬁ:fgcﬁ;rStg oncerned with the Maxwellian distributions where the
P . . P ed by . 9 icroscopic interactions and memories are short ranged.
dust grains while t.he restoring force is prpduceq by the ut in the systems where the long range interactions are
pressures of the inertialess plasma particles (ions an&xisted, the nonextensive distribution is more convenient

electrons) {]. The existence of the inertial dust particles than the Maxwellian distribution. It was first proposed by

I lame can Sicte et Colecie moses 92 SSRony1 5 and ten by Tsalis ] and obsened i many
and nonlinear coherent structures (e.g., DA and DIAastrop ysics and cosmological environmess [
solitary waves) in the dusty plasma mediuhdnd [3]. On the other hand, the interaction between two
Many researchers are studied the properties andolitary waves is one of the most important problems in
characteristics of DA solitary and shock waves in aplasma physics. Such interaction may undergo different
strongly dusty plasma. For instance, Alinejad and Mamuntwo ways. The first one is the overtaking collision which
[4] studied the nonlinear characteristics of the DA solitary occurs when the two solitary waves move in the same
waves in an inhomogeneous strongly coupled dustydirection and can be studied by using the inverse
plasma with negatively charged dust particles arescattering method9]. The second one is the head-on
correlated strongly with each other and Maxwellian collision which occurs when the two solitary waves move
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in opposite directions causing a change in the trajectorieshe so called "kinetic regime” whe@ty,, >> 1, wherew

of motion and phase shifts after the collision. The is the mode frequency ang, is the relaxation time. Thus,
head-on collision can be studied by using the extendedhe dynamics of the nonlinear DA waves in the given
Poincare-Lighthill-Kuo (PLK) methodl[0]. This method dusty plasma system are governed by the well-known
has many applications in physics such as in plasmajeneralized hydrodynamic moddlq

physics [L1], in Boes-Einstein condensate$2] and in

nonlinear lattice dynamicslB]. Many authors used this

method to study the solitary waves interaction in different ong 0 (nguq)

dusty plasma systems. For example, El-Labany etld]. [ a9t 7 ax 0, @)
studied the properties of the head-on collision of two 5, dug 09 g dng

colliding DA solitary waves in an adiabatic dusty plasma —= +Us—-~— >+~ — " =0, (2)
with variable dust particles of negative charged, two 5 d

temperature Maxwellian ions and Maxwellian electrons 5_40_n Netn =0 3)
in the existence of an external magnetic field. Also, ox? d— e ’

Jaiswal et al. 15] investigated the propagation properties

of two interacting DA solitary waves in a strongly Whereng is the dust grain number density is the dust
coupled dusty plasma with charged dust grains andluid velocity, ¢ is the electrostatic potentialy is the
thermal ions and electrons. In their paper, they are founcélectron number density amdl is the ion number density.
that the resulting phase shift due to the collision is The following normalizationx — X/Apg, t — t Wpd,
affected by the compressibility of the strongly coupled Ng — Ng/Ndo, Ug — Ua/Cq, @ — €9/KgTi, Ne — Ne/ZgNdo
dusty plasma medium. and nj — nj/Zgngo have been applied into Eqg$:8).

The aim of this study is to investigate the effect of ) , — (KBTi/47TZdndOez)l/2 is the dust Debye length
nonextensive electrons and ions on the nonlineakyith Kg, ngy and e being the Boltzmann constant, the
properties of the DA solitary waves interaction (via the unperturbed dust grain number density and the magnitude
head-on collision between them) in a strongly coupledpf the electron charge, respectively.
unmagnetized dusty plasma with negatively charged dus
Earticles. For this purpose, the extended PLK method_ha ith my being the dust gran mass and

een used and a couple of Korteweg de-Vries equations 12 . o
are derived. In addition, expressions for the trajectoriecd = (KeTiZa/ma)™ is the DA speed. The contribution
and the resulting phase shifts of the colliding DA solitary 9U€ to the compressibiligy appears in terms gig in Eq.

waves are deduced and the effect of the nonextensivity of WheréHd = UTa/ZqTi. Tg, Ti and Zq refer to the dust
ions and electrons on the phase shifts and on thdemperature, the ion temperature and the number of

characteristics of head-on collision is also discusseé. Th €l€ctrons residing on the surface of the negatively charged
manuscript is organized as follows. In S the model  dust grains, respectively. The compressibility [1€] is
equations governing our strongly coupled dusty plasmai€fined as

system are presented. In S&.two Korteweg—de Vries L1+t u(r) A ou(r) @
(KdV) equations and phase shifts are derived while our 3 9 or -’

results are discussed in sectiband a brief conclusion is
given in Secb.

od = (4712(2,ndoe2/md)1/2 is the dust plasma frequency

in which I" is the Coulomb coupling parameter and™ )
is a measure of the excess internal energy of the system
and can be expressed as
2 Basic Equations u(r) =—0.89r +0.95M /440,197 ~1/4—0.81.

The normalized number densities gfnonextinsive
In order to study the interaction between two DA solitary distributed electrons and ions1q and [18 can be
waves (the case of head-on collision), we consider areXpressed as

unmagnetized strongly coupled dusty plasma system with it

negatively charged inertial dust fluid and inertialessn, — 1 (1+ (ge — 1) Gy @) 201 | (5)
g-nonextensive distributed electrons and ions. Due to high G+l
temperatures and smaller electric charges of bothn = 1 (1—(gi—1)¢)2@D, (6)

electrons and ions, they are assumed to be weakly

coupled while dust grains are strongly coupled as a resulivhereue = Neo/ZgNgo and i = Njo/Zqngo ando; = Ti/Te

of their lower temperature and larger electric charge. Inwith Te is the temperature of electrons. By using the
general, strong coupling effects in a phenomenologicahuasineutrality conditionne = Nig — ZgNge, ONE can
manner is takes into account by introducing visco-elasticwrite e = 1/ (6 — 1) andy; = 6/(6 — 1) whered is the
effects and a modified compressibility. Here, we retainratio of equilibrium ion to electron densities. The real
the compressibility effect and neglect dissipative effect number parameter ge; stands for strength of
arising from viscosity and dust neutral collisions. The nonextensivity. In the limiting case{; — 1) Egs. ) and
neglect of dissipative effects is a valid approximation in (6) reduces to the well known Maxwellian distribution.
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3 KdV Equations and Phase Shifts Solving Egs. 16-18) gives
Now, let us assume that there are two opposite
propagating solitary waveR andL which are far apart ¢ = o, (&, 1)+ @ (n, 1), (19)
from each other in the initial states where one of them (@t 10+ (G4 D)] [ (6 1)+ B (1, T)] 20)
propagates in the positive direction (solitary waveR) T e A Ta e B
and the other is in the negatixedirection (solitary wave ,, — ,/\E (1+ % [He (Ge+1) 01 + 14 (g +1>]“d>
L). After some time they interact and collide with each

x[@L(&, T)=P2(n, )], (21)

other and then depart. Also, we assume that the solitary

waves have small amplitudese (wheree is a smallness
formal perturbation parameter measuring the strength o
nonlinearity, i.e., 0< &€ << 1) and the interaction

between two solitary waves is weak. Therefore, it is
expected that the collision will be quasielastic and will
only cause shifts of the post collision trajectories (phas
shift). Here, we are interested to investigate the dynamic

e,\gound to be as

f

and with the solvability condition, i.e., the condition to
obtain a uniquely definedy; andug; from Eqgs. (6-18)
when ¢ is given by Eq. 19)], the phase velocity is

of these solitary waves in the presence of superthermality

effect in the strongly coupled dusty plasma. In order to
analyze the effects of collision, the extended PLK
perturbation method is used9]. Following the extended

PLK perturbation method, the dependent variables should

be expanded as

Ng = 14 &%ng1 + €3ngo + €Nz + ..., (7
Ug = szudl + £3ud2 + £4ud3 + ..., (8)
0=€m+eEp+etm+ .., 9)
while the independent variables are expressed as

E=eX—A)+ € (E, 1)+ ..., (10)
n = e(x+At)+£2Qo(n, 1)+ ..., (11)
T =&, (12)

whereé andn refer to the trajectories of the two solitary
wavesR andL, respectively. The wave velocify and the
variablesRy andQg are to be determined. From Eq&0{
12), one gets

a

a a

Lo elded)
l% — ) <7%+%> +53(£ +)\P0,,% —AQ05%> o (14)
7= (G d) o (G o) (o)

+et (Pon:—E+Qoé%> (%*%)*"* (15)

where Py, = dRy/dn and Qp = dQo/d&. Then, by
substituting Egs.4-15) into Egs. (-6) and equating the
quantities of equal power of, one gets a set of coupled
equations for each order af At the lowest order of,
one obtains

7] 0 0 0
A(—ﬁ+%>nd1+<ﬁ+%>ucﬂ:01 (16)
) a a 7] a 7]
A (*ﬁ*ﬁ)”ﬂl* <E+%)"““‘ﬂ (ﬁ*%)”‘“ =0
1
Ng1 + 3 [He (Ge+1) Gi + i (G +1)]@ = 0. (18)

1/2
~+ Hd

2
| He(Oe+1)0i+ i (G + 1)

(22)

Itis clear that the phase velocity depends obviously
on the nonextensive parameteggsandg;.

The unknown functionsp; (&, 1) and @,(n, T) in
Egs.9-21) will be determined later from the higher
orders. These two functions represent two solitary waves
(one travels to the rightp; (€, 1), and the other travels to
the left, @, (n, 1)). At the next order, we obtain

17} d d 17}
)\<7ﬁ+%>ndz+<ﬁ+%>udz:0, (23)

a9 ad d d 17} 7
Mgt 0g ) v (3t ap ) mma (G o Jre =0 e
nd2+%[ﬂe(qe+l>ai+ui (G+D]@ = 0. (25)

By simply inspection, the structure of the above system
of equations is similar to that of the lowest order, then the
solutions can be written in the same manner as

B =W(E D80, 1),
g2 = 3 [He(Ge-+1) 01+ 1 (0 + 1)) [ (&, 7) + ¥ (0, T(27)

(26)

Udy = _Al (1+%[He(Qe+1)0i + K (G +1)]ud)

x[WL(& 1) =% (n, T)]. (28)
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The inclusion of the next higher order leads to the Upon integrating Eq.32) with respecttd& andn, one gets

following

d ad a d ad
A<—E+%>nd3+<E+APOUE—AQOE%>H¢L
+ i—‘—i Ug1 + 0 9 Ng1U
‘95 5’7 d1l ‘95 d d1Yd1

+( £+Qod)ud1:0, (29)
0 7] 17 17 17
A( dE (3 )Ud3+(E+APOnﬁ—AQoé%)Ud1
i (L PV (2+ 2
d1 05 0'7 d1 o Tan @3
+Q + d 9 Vn
05 0 an @1+ Hg 05 0'7 d3

n d 9 Ng1 + +Q— ng1 =0
—HdNd1 (95 d d1 + Hd 05 Odn d1 = U,

(7] 0) (7] 0) R
AUgz = p( 1—|— @1 1 +B 1)

2A &3

00, aqaz 93,
/< on _Bdn3>dE
0%,
+//< 9% | <D2>0—52d5dn
920
_//<p q>1> o 24gdn. (34)

The first term in the right hand side of E@4) will be
proportional ton because the integrand is independent of
n and the second term will be proportional§obecause
the integrand is independent &f Hence, they are secular
terms and must be eliminated to avoid spurious
resonances. Accordingly, we obtain the following two

(30)  KdV equations
a  a\? 1
(—+—) O —Ng3 — 5 [He(de+1) 0i + i (0 +1)] @3 oD oD 3o
106 an 2 P l+ad31 l 1B 0531 -0, (35)
5 [He(@e+ 1) (~0e+3) 02— ki (61 +1) (6 +3)| g =0,
° sy 2% g0 @_Ba % _y (36)
( ) a.l. 0’73 - )
From Egs. 29-31), we can deduce for @1 and @, with the same coefficients of nonlinear and
dispersiora and3, respectively.
In addition, the third and fourth terms in ER4) are
2 not secular terms in this order but they will be secular in
0%Ugs _ P 0(171 i aq;lawl +Bd ! the next order. Hence, we get
0éon  2A 0¢ &3
p (9@72 (9(132 [9 CDZ P
e —— + Y@ 37
( %2 a2 2 % PG v = 37)
(92q31 Qo -
+ (PPon + yP2) 0—52 P—+ T3 +y®, =0. (38)
2
— (PQog + Y1) —(22, (32) The effect of the nonextensive parametgsindg; is
an clearly involved in the nonlinear coefficientr, the
dispersion coefficien8 and also in the coefficientgand
where p.
Egs. @5 and @6) represent the two side traveling
g L 3p? 1 Dot (g - 1)2 wave KdV equations in the reference framesadindn,
T2\ A t /M [He (Ge +1) i + i (G + 1)] respectively. Such KdV equations have the following
1) He(de+1) (~Get3) 0 — i (6 +1) (-G +3) solitary wave solutions
2 He(Qe+1) 0y + i (G +1) 7 /
 PlHe(et1) 0+ ki (g +1)]
1, He(Ge+1) (~Ge+3) 07 — pi (G +1) (—0 +3) 2| [adL 1
= A = Z -
) ( He (G 1) 01 + 14 (i + 1) Po = ASech™ |\ [ 15 (1T 39RT) |- (40)
1 a2 P
— M Ha [He (Ge+1) 01 + pi (G + 1)~ T) g where®r = 3up/a and®, = 3Up/a are the amplitudes of
1 the two solitary waveR andL, respectively with velocities
p=1+3 [Ue (de+ 1) G + i (0 + 1)] g (33)  up andUy. Inserting Eqgs.39) and @0) into Egs. 87) and
(@© 2018 NSP
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(38), the phase changes due to the collision are given by containing negatively charged dust particles and
1250, nonextensive distributed electrons and ions has been
—X,/ o investigated. For this purpose, the extended PLK method

) i has been used and a couple of KdV equations are derived,
wanh /% (n N %atb._r) +1}7 (1) Eq.(35 and Eq.86), and consequently two solltaryT\;]vae

PO(nv T) =

X

solutions are obtained, E8Y and EQq.40).
nonextensivity effect of both electrons and ions on both
12B PR the amplitude and the width of the two colliding DA

a solitary wavesR (the wave which moves to right) arid

[ [aon 1 T (the wave which moves to left) has been plotted as in
tanh ”W (E—§G<DRT) —1}. (42)  Figs. @-4). From Figs.l) and @), one can see that the

L - amplitudes®r and @ of the solitary wavesR and L,

The trajectories of the two solitary waves for weak respectively increase with increasing the nonextensivity
head-on interactions in the presence of strong couplingf electrons and ionge and g, respectively. In contrast,

X

O
o
b
2
Il
|
—— Ol —/— O

and nonextensivity effects are Figs.@) and @) indicate the decreasing of the widtié&
v (1280, andW_ of the solitary waves with increasing and g,
& = S(X_M)_Ezﬁ’/T respectively. It means that the collision between the DA

) ) solitary waves will be more faster when the
[ady 1 3 nonextensivity effect increases. In addition, the effect o
X {tanh 1283 (” * éaqr) +1} +O(E7), (43) the nonextensivity of electrons and iorge @nd ;) and
- N the temperature ratio of ions to electrong)(on the
n = e(x+At) _e2Y 128 %R nonlinear coefficientd) has been studied and plotted in
P a Figs.6) and ). It is seen from thses figures that the

r o Or 1 ] 5 nonlinear coefficientr decreases when the valuesgf
x < tanh 128 (E— éacer) —1,+0(€%). (44) gi andgj increase.

In order to obtain the phase shifts due to a head-on
collision of the two solitary wave® andL, we assume

that they are asymptotically far from each other at the
initial time ({ = —®), i.e., solitary waveR is at (€ = 0, -0.060
n = —o) while solitary wavelL is at (7 = 0, & = +). _
Then after the collisiont (= +), solitary waveR is far to < -0.065
the right of solitary wavel, i.e., solitary waveR is at §
(¢ =0, n = +) while solitary waveL is at (7 = 0O, £ —oo7df .
& = —). Using Egs. 43) and @4), the corresponding 3 - - |
phase shiftdd RandAL follow = —oorsf _ - .
- 4
AR= e(X—At)|s_gp_so— EX—A)|s0p_w, (45) vt - — - —a |
AL = e(X+At)|; g5 0 — EX+AY) |05y, (46) 3/ e e
by which the phase shift in the solitary waweandL can %
be expressed as
Fig. 1: Variation of the amplitudesbr and @ of the solitary
AR — 2£ZX 1289 (47) wavesR andL with the nonextensive parameter of electrogs
V a for ug = 10,0 = 0.1, 5 = 1.4 andq; = 2.
AL = g2 [12PPR (48)
P a As a result of the head-on collision between the

Since the solitary wav® travels to the right and the solitary waves, the trajectories of the motion are changed
solitary wavel travels to the left, one can observe from and hence phase shafts are produced. To investigate the
Egs. @7) and @8) that as a result of the collision each effect of the amplituded. and the widthW_ of the
solitary wave has a positive phase shift in its traveling solitary waveL, the nonextensive parametecg &ndd;),
direction. the temperature ratio of ions to electramsand the ratio

of equilibrium ion to electron densitie§ on the phase
shift AR of the solitary waveR, Figs.(7-11) are plotted. It
4 Results and Discussion is shown from Figs{) and @) that the phase shifiR
decreases with increasing the nonextensivity parameters
In the present study, the head-on collision between twoge andg; while it increases with increasing the amplitude
DA solitary waves in a strongly coupled dusty plasma @,. On the other hand in Fig9)and (0), it is illustrated
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Fig. 3: Variation of the width&\k andW{_ of the solitary wavef
andL with the nonextensive parameter of electropgor Ly =
10,0; = 0.5,0 = 1.2 andq; = 2.

that the phase shifAR decreases with increasing the

width WL of the solitary wave.. Finally in Fig.(L1), it is
found that the phase shifiR decreases with increasirg
whereas it increases with increasing the valued.of

Widths (Wi, W)

Gi

Fig. 4: Variation of the widthaMr andW_ of the solitary waves
R andL with the nonextensive parameter of iapdor g = 10,

0, =0.5,6=12andge = 2.

-13.5f
719.0f
719.5f
-zo.of

—20.5f

Nonlinear Coefficienta)

-21.0F

-215}F

0.15 0.20 0.25

T T
0.30

Tj

T T
0.35

L
0.40

T R
0.45 0.50

Fig. 5: Variation of the nonlinear coefficiera with the ratio
of the ion to electron temperatures at different values of the
nonextensive parameter of electrapdor g = 10,0 = 1.4 and

gi =2.

18—

| | |

Nonlinear Coefficienta)
AN
oo

I
=
©

or
[
tn

0.20

Fig. 6: Variation of the nonlinear coefficierw with the ratio
of the ion to electron temperatures at different values of the
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