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Abstract

Solitary wave propagation and interaction in plasma using numerical
tools like Galerkin Finite Element scheme are discussed in this paper.
A one-dimensional nonlinear Schrodinger-Korteweg De-Vries (Sch-KdV)
equation is taken as model equation for Non-linear waves propagation in
the said media. The derived system, with the help of cubic B-spline source
functions are engaged as element and weight functions, after finite element
formulation is solved with Runge Kutta Fourth Order method (RK?).
Previously the finite element methods with some numerical simulations
do not exhibit the complex nature of wave interaction, especially solitary
wave interaction. A combination of Galerkin Finite Element scheme with
RK* is a very prominent instrument to study the nature of Non-linear
evolution equations in ionic medias, which is the novelty of the paper.
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Wave
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1 Introduction

Several physical phenomena are described either by nonlinear coupled partial
differential equations or by nonlinear evolution equation. This Non-linear wave
propagation phenomenon appears in one or other ways can be well explained
by travelling and solitary wave solution of the said equations. Most of these
equations do not have an analytical solution, or it is extremely difficult and
expensive to compute their analytical solutions. Hence numerical study of these
nonlinear partial differential equations is important in practice. The Non-linear
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waves propagation in plasma can also be explained by these solutions. In the
past study, many methods for finding the Solitary and periodic solutions [1]-[8]
and numerical method [8]-[12],[21]-[24] are used for Non-linear evolution equa-
tions (NLEEs).

In this paper, we study a Galerkin finite element Scheme for the 1D nonlinear
Schrodinger -Korteweg-De -Vries (Sch-KdV) equation by using linear finite el-
ements in space and extrapolation to remove the nonlinear term. We discuss
the properties of this method and compare its accuracy with previous studies.
The interaction of two solitons is also studied. Moreover, the propagation of
the Maxwellian initial condition is simulated.

The outline of this paper is as follows, In the next section the model equation is
discretized to form a numerical scheme. In section 3 a numerical scheme is de-
veloped and results are explained graphically. Finally, we give a brief conclusion
in Section 4

2 Model Equation and Discretization

Non-linear waves propagation and interactions in plasma for this purpose we
consider the 1D nonlinear Schrodinger -Korteweg-De -Vries (Sch-KdV) equation
[13]-[15] as model equation as -

i, = 0p0 + v (2.1)
vy = =60V, — Vaze + (10)%)e (2.2)

Here 6(z,t)is complex function and v(x,t)is real-valued function. This system
appeared as model equation for describing various types of wave propagation
such as Langmuir wave, dust-acoustic wave and electromagnetic waves in plasma
physics. with initial conditions

0(x,0) = f(zx) = 9V2e k?sech? (k) (2.3)
2
v(z,0) = g(x) = ﬂ _ 6ktanh?(kz) (2.4)
and boundary conditions
O(t,a) =0, v(t,b) =0, z € [a,blandt € [0,T) (2.5)

Here 6 = 0(z,t) and v = v(x,t) are going to be considered as sufficiently differ-
entiable functions.

We multiplied weight function to the equations (2.1)-(2.2) and integrated over
the x domain for finite element method [16]-[20], so we get

b
/ (iwh; — Wby —whv)dx =0 (2.6)

b
/ (wvs + 6whV, 4+ WULLe — w(|0]?)e)dz =0 (2.7)

The domain [a, b] of x is separated into N finite subdivision as
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a=rg<r1<x3<..<xNy_1<ITN=Db

Here nodal point is {z,, }¥_, i.e. m = 0,1,2,...,N and length of subdivision will
be h = Zyy1 - T - We construct the approximate solutions for the system
with cubic B-spline base functions

N+1

On(@t) = 3 V@t 28)
N+1

on(ant) = 37 ()0 29)

where u;(t) and v;(t) are function of time t and ;(x) are function of x, called
element size functions. A local coordinate & = r—x,, for 0< ¢ < h introduced
for cubic B-spline base functions with typical element [, Zm+1] , which has

the form;
h—&)3
wm—l - %
b = (h2 +3h%(h — &) + 3h(h — &)? — 3(h — £)3)
m - h3
e = (h3 + 3h2¢ + 3h&? — 3€3)
m—+1 — h3
3
¢m+2 = % (210)

The approximate solutions of Egs.((2.8)-(2.9)) with element size function eq.(2.10)
may be define as with typical element [z, Ty 11];

m—+2

On(Et) = > uS(t)ys(d) (2.11)

j=m—1

m+2

on (6 ) = D oS (YE(E) (2.12)

Jj=m-—1

The point-wise values of 65 and vy in terms u and v will be

ON (s t) = Um—1 + 4t + Upmp1 (2.13)
ON (T, t) = Um—1 + 4Um + Vg1 (2.14)
So Egs. ((2.6)-(2.7)) with [z, Tm41] will be
Tm4+1
/ (iwby — whzy — wbv)dx (2.15)
Tm4+1
/ (wur + 6whV, + Wer Uy — 2000, )dx + [WULe — Wr U] (2.16)
3

155 Chiman Lal 153-164



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 30, NO.1, 2022, COPYRIGHT 2022 EUDOXUS PRESS, LLC

here weight function w; with size functions 1); are takenfor the Galerkin finite
element method, Substituting Eqs. ((2.11)-(2.12)) into Egs. ((2.15)-(2.16)),we

get
m—+2 ., m—+2
S ¢ / (ibethy iy — (0 Yy — 3 (Wetogbn)ug)ualda} =0 (2.17)
j=m—1 k=m—1

m—+2 m—+2

R / [ty )os+ v+ S (60wl )us)oe—2((ity

j=m—1 k=m-—1

Gpugur))da + (Vi) — (Vib)vsle} = 0
(2.18)

where i, j, k = m-1, m, m+1, m+2, u® = (Um—1, Um, Um+1, Um+2) and v¢ =
(V=15 Vm,Um+1, Um+2) are element parameters where

h h
Ay = [ (i), By = / i )de, Cou= [ (v
h h
Dy = / (iapy)dE, Fijp = /0 6(Vsth; V) de, Gigh = /O (et d

h
Hijk :/0 2ipibr)ds, Ly = [(Wap)le,  Jiy = (W)

The element matrices in ((2.17)-(2.18)) are computed as follows:

20 129 60 1 4 -7 2 1
o ﬂ 129 1188 933 60 o i 33 —44 —-11 22
777140 | 60 933 1188 129 YT10R |22 —11 —44 33
1 60 129 20 1 2 -7 4
-3 -5 7 1 20 129 60 1
Ch = i 5 3 -9 1 Do — i 129 1188 933 60
YT op2 -1 9 -3 -5 Y7140 | 60 933 1188 129
-1 -7 5 3 1 60 129 20
-1 2 -1 0 -1 0 1 0
[,,_E -4 9 -6 1 ,]..—3 0 1 -1
T p2 -1 6 -9 4 YRz |1 0O -1 0
0 1 -2 1 0o -1 0 1
Gri(uw) Gra(u) Giz(u) Gia(u)
G' (u) L G21 (’LL) G22 (u) G23 (u) G24 (’LL)
Y 840 |Gsi(u) Gaz(u) Gaz(u) Gaalu)
G41(U) G42(u) G43(U) G44(U)
4
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Fii(v) Fia(v) Fiz(v) Fia(v)
F (U): 6h Fgl(’U) FQQ(U) Fgg(v) F24(’U) .
Y 840 | F31(v) Fsa(v) Fzz(v) Fia(v)| '
F41(U) F42(’U) F43(’U) F44(1))
Hu(u) ng(u) H13(’U,) H14(u)
( ) 2h Hgl(u) HQQ(U) H23(’U,) H24(u)
* 840 | Hs1(u) Hso(w) Hsz(u) Hszy(u)
H41(’LL) H42(U) H43(u) H44(’LL)
where
G11(u)=(84,463,172,1)(u), G12(U):(463,2889,1275,17)(u),
G13(u)=(172,1275,696,17)(u), G1a(u)=(1,17,17,1)(u)
(}’21(u):(463,2889,1275,17)(u), Goa(u)=(2889,23664,15519,696) (1)
Ga3(u)=(1275,15519,15519,1275)(u), Ga4(u)=(17,696,1275,172)(u),
G31(u)=(172,1275,696,17)(u), G32(u)=(1275,15519,15519,1275)(u),
G33(u)=(696,15519,23664,2889)(u), G34(u)=(17,1275,2889,463)(u),
Ga1(u)=(1,17,17,1)(u), Ga2(u)=(17,696,1275,172)(u),
G43(u)=(17,1275,2889,463)(u), Ga4(u)=(1,172,463,84)(u)
F11(v)=(-280,-150,420,10)(v) Fi5(v)=(-1605,-1305,2781,129)(v)
Fi3(v)=(-630,-792,1314,108)(v) Fi4(v)=(-5,-21,21,5)(v)
Fy(v)=(-1605,-1305,2781,129)(v) Fy(v)=(-10830,-17640,25002,3468)(v)
Fo3(v)=(-5349,-17541,17541,5349)(v) Foy(v)=(-108,-1314,792,630)(v)
F31(v)=(-630,-792,1314,108)(v) F35(v)=(-5349,-17541,17541,5349)(v)
F35(v)=(-3468,-25002,17640,10830)(v) F34(v)=(-129,-2781,1305,1605)(v)
11 (v)=(-5,-21,21,5)(v) F42( )=(-108,-1314,792,630)(v)
Fy3(v)=(-129,-2781,1305,1605)(v) Fy4(v)=(-10,-420,150,280) (v)
Hyp (u)=(-280,-150,420,10)(u) Hiy5(u)=(-1605,-1305,2781,129)(u)
Hiy5(u)=(-630,-792,1314,108)(u) Hy4(u)=(-5,-21,21,5)(u)
Hy1(u)=(-1605,-1305,2781,129)(u) Hgg( ):( 10830,-17640,25002,3468) (u)
Hosz(u)=(-5349,-17541,17541,5349) (u) Hoy(u)= (108 -1314,792,630)(u)
Hjsq(u)=(-630,-792,1314,108)(u) Hso(u)=(-5349,-17541,17541,5349)(u)
Hj5(u)=(-3468,-25002,17640,10830)(u) Hsy(u)=(-129,-2781,1305,1605)(u)
Hyp (u)=(-5,-21,21,5)(u) H42(u) (-108,-1314,792,630)(u)
Hy3(u)=(129,2781,1305,1605)(u) Hy4(u)=(-10,-420,150,280)(u)

Here Aj;, Bij, Cji, Dij, Fiji, Gijk, Hijr, I;; and J;; are element matrices.
so, the new obtained system in matrix form

= A"{B — G(u)}u] (2.19)
=D 'Huu+ (J—I)v—Cv— F(u)v] (2.20)
)
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Here u = (u_1,up, u1,...,un,un+1) and v = (v_1,vg, V1, ..., UN, UN+1) are time
dependent constraints, The generalized rows of the combined matrices are:

A = 1(1,120,1191,2416,1191,120,1)
B = ih(l 24,15,-80,15,24,1)
= 5.(-1,-8,19,0,-19,8,1)
D= 0(1 120,1191,2416,1191,120,1)
I = -5(0,0,0,0,0,0,0)
J =2 (0,0,0,0,0,0,0)
G(u) = 5 {(1,17,17,1,0,0,0)u,(17,868,2550,868,17,0,0)u,(17,2550,18871,18871,2550,17,0)u,
(1,868,18871,47496,18871,868,1)u,(0,17,2550,18871,18871,2550,17)u,(0,0,17,868,2550,868,
17)1,(0,0,0,1,17,17,1)u}

F(v) = & {(-5,-21,21,5,0,0,0)v,(-108,-1944,0,1944,108,0,0)v,(-129,-8130,-17841,17841,8130,
129,0)v,  (-10,-3888,- 35682,0,35682,3888,10)v,(o,-129,-8130,-17841,17841,8130,129)v,(o,0,-
108,-1944,0,1944,108)v,

(0,0,0,-5,-21,21,5)v}

H(u) = 2k {(-5,-21,21,5,0,0,0)u,(-108,-1944,0,1944,108,0,0)u,(-129,-8130,-17841,17841,8130,
129,0)u,  (-10,-3888,-35682,0,35682,3888,10)u,(0,-129,-8130,-17841,17841,8130,129)u,(0,0,-
108,-1944,0,1944,108)u, (0,0,0,-5,-21,21,5)u }

The system equations (2.19) and (2.20) has (N + 3) x (N + 1) ordered un-
known equations. if we use time dependent boundary condition in Egs.(2.13)
and (2.14) with m = 0, then so parameters can be written as other parameters;

U_1, V_1 — Ug, u1 and vg,v1 ; when we take m =0
Similarly
UN+1 5 UN+1 —> Un—1,un and vy_1,uy we take m = N

Then, the system of Eqs. (2.19) and( 2.20) will be two matrix systems of
(N +1) x (N + 1) orders.These equations of systems will be solved by RK*
(Runge-Kutta fourth order method) to known initial condition u} and v} with
nodal points z,, for m=0(1)N as follows:

w(Tpm,0) = On(zm,0)

(T, 0) = vn(zm,0)

If we write the system explicitly as
On(20,0) = u_1 + dug + u1 = u(zo,0),

91\/(:171,0) = U + 4U1 —+ ug = u(xl,()),
U(.’EQ,O),

0]\[(%2,0) =ui + 4'LL2 “+ us
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On(zN,0) =un—1 +4dun + uns1 = u(zy,0),

and
uN(%0,0) = v_1 + 4vg +v1 = v(x0,0),

vy (21,0) = vo + 4v1 + v9 = v(x1,0),

N (22,0) = v1 + 4vy + v3 = v(22,0),

un(zn,0) =vn_11 + 4oy +on41 = v(zN, 0),

if we write u_1 , uny41 — ug , un, and v_1 , YN+1— Vg and vy respectively.
then we get a new system (N + 1) x (N + 1) order in matrix form as :

4 2 Ug u(zxo, 0)
1 41 uy u(z1,0)
1 41 Ug u(x2,0)
- ' (2.21)
1 4 1| |uny—_y u(xy_1,0)
L 2 4] | un | u(xy,0)
and ~ I -
4 2 Vo
: 111 zll 1 21 v(z0,0)
? U(Ilao)
= | v(z2,0) (2.22)
v(rn_1,0)
1 4 1 UN -1 ,U(mN7O)
L 2 4_ _UN i

By Matleb solving the algebraic Equations (2.21) and (2.22) with initial param-

eters u? and v? are gained for j=0(1)N.

3 Numerical Scheme

Non-Linear waves propagations and interaction are investigated to the system
of equations (2.1)-(2.2) numerically for numerous values of x and t. Lo , Lo, and
L'y , L' are error norms and used to investigate consistency with numerical
solutions(Soliton) for 6(z,t) and v(zx,t) respectively for initial conditions for the
Sch-KdV equation.

0(z,0) = f(z) = 9v/2 e k?sech? (kzx), (3.1)
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a+ 16k?

2
v(z,0) = g(z) = 3 — 6k*tanh® (kx) (3.2)
N+1 2
Ly=[0=0xly= [h Y |0: = (On), (3.3)
j=-1
Lo =0—0y|. = Mazx ‘9.—9N ) 3.4
w0 =10~ 051l = Maz_ |05~ (0n), (3.4)
And
N41 2
! — PR
Ly =lo—vnlly = [ [os = (n), (3.5)
Jj=-
L'ew=|v—uvnl|. = Max |v;— (vn ‘ 3.6
Numerical error L, and L_ For 6(x.t)with k =\5., a=1/20
Ar =0.001 Ar =0.002 At =0.003 Ar=0.01
h L, L, L, L, L, L, L, L,
0.2 15.82x107 ; 5124107 | 30.71x107 ; 95.17x107| 41.39:107 ; 97.41x107 | 55.56x107 : 9956x107
04 5421x107 ; 55.88%1077 | 63.56x1077 ; 68.67x107) 7139x1077 ; 70.70x107| 86.66 %10~ : 85.01x107
0.625 | 5724107 ; 59.82x1077| 6821x107 ; 6123107 | 7820107 ; 6821x107 [ §7.21%107 . 82.01x107
0.8 6819x107 ; 6421x107 | 7221107 ; 50.52x107| 80.19x107 ; 63.11x107 | 8921107 ; 78.21x107
0.1 7521x107 ; 72.24%107 | 7511107 ; 5211107 83.12x107 ; 5020x107 | 91 11%107 : 72.31x107
Numerical error L, and L_For v(x,1)
Ar=0.001 At =0.002 At =0.003 Ar=0.01
h |1 L L L | L I | L L
0.25 0785%107 ; 05683107 08.75x107 ; 07.05x107 | 15.16x107 ; 06.65x107 | 19 56 %10 : 08.75x107
0.5 0995%107 ; 0695107 10.72x107 ; 08.75>107 | 2061x107 ; 08.85x107 | 2511%107 : 09.85x107
0.625 | 10.01x107° ; 07.02x107| 1336 %107 ; 09.11x107 | 22356x107 ; 0921x107 | 2692x107 : 10.96x107
0.8 1221107 ; 0811x107% | 15.11x107 ; 1021107 | 2411107 ; 10.09x107 | 28 11x107 : 12.11x107
0.1 14.02x107° ; 09.75%107°| 1921x107 ; 1125107 | 27.725107 ; 1221107 | 3127x107 : 14.25x107

In figure 1 and 2 nonlinear wave propagation and its travelling wave solution is
presented. The coupled equations (2.1) and (2.2) are plotted for some fix values
of k, h and t (=5 < ¢t < 5). the space step is taken as 0.001. It is shown in the
figure that the solution of said equation exhibit a soliton for the small values
of x (0 < 2 <0.1). If we extend the range of x (=15 < z < 15) the solution
converted from soliton to a wave natured system. A solitary wave interaction
is presented in the figure 3 for the same values of k, o, h and step lengths with
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Solitary wave propagation for model equations

-3 B & 2 83 2 3

Figure 1. Moduwlus in 3D, 2D plot the solitary wave Figure 2. Modulus in 3D, 2D plot the solitarywave

propagation of & when k =T, a=1/20,A=04 propagation of vwhen k =2, a=1/20,A=04
M=0001, ax=000L-5 = ¢ =5, 0<x =01 A =0001 Ax=0001,-3 <t =5, -155x=<15,

0.5 4

4]

Fig -3 Solitary wave interaction
k=2, a=1/20, At=0.02, Ax=0.02, —20 < (3,1} <20,

large values of x and t (—20 < (z,¢) < 20). It clearly exhibit that solitons are
developed when the values of x and t coincides. For different values of x and t
the system represent the travelling wave solution.

4 Conclusions

In the present paper, we have investigated numerically a physical model for
wave propagation in a nonlinear, dispersive medium i.e a relativistic plasma.
A Galerkin finite element Scheme is exhibited to locate Solitary wave(Solitons)
propagation and interactions in plasma for Schrodinger - KortewegDe Vries (Sch-
KdV) equations. The new obtained systems (finite element formulation) solved
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by RK* (Runge-Kutta fourth order method). The different values of z, ¢ and
error norms Lo , L, are used for numerical solutions of Sch-KdV equations.The
numerical results obtained by this method are in good agreement with the ex-
act solutions available in the literature. The errors obtained by the proposed
method are less when compared with those of available in the literature. The
solitary wave solution in fig.-1,2 and its interaction in fig.-3 of this system are
presented which are new. here, we learn that this method will emulates devel-
opment of many exact travelling wave solutions with new solitons.This scheme
is a significant instrument for Non-linear evolution equations (NLEESs).

The advantages of the present scheme for oscillatory problems are discussed in
detail. It can be expected that the main ideas will also be useful for other phys-
ical problems being highly oscillatory in nature, e.g., the nonlinearized model.
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