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Abstract - \

Kadomtsev—Petviashvili (KP) equation is an important (241) - dimensional nonlinear PDE which has not only
multi-solitons but also has complete integrability. In order to describe the long waves that propagation weakly
dispersive in the direction of additional spatial variable y, Kadomstev and Petviashili formulated this model. In
the literature, many researchers are interested to propose and work on higher order nonlinear PDEs possessing
multi-solitons. Two powerful methods employed by researchers are Hirota’s method to obtain multi-solitons and
tanh — coth method to obtain single-soliton solutions. In our work, a tenth-order generalization of the KP equation
is derived and using Hirota’s method, its multi-solitons are worked out. Furthermore, the derived equation is also
treated with the tanh method. This article emphasizes few bounded solutions to the equation in context. The
main aim of this paper is to demonstrate the generalization of the K-P equation using Hirota operators and to
study corresponding multi-solitons. Finally, some open problems related to the proposed tenth-order KP equation
are discussed.
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1. INTRODUCTION

The K-P equation is the (2+1) dimensional extension of KdV equation with one more spatial variable y which
has not only multi-solitons but also has complete integrability. Kadomtsev and Petviashvili formulated this model to
describe the long waves that propagation with weak dispersion in the direction of additional spatial variable y. In
their seminal work, they studied the stability of the soliton solution [16, 17]. Depending on the negative coefficient (-1)
and positive coefficient (+1) of u,, the K-P equation is classified as KP-I and KP-II equation. KP-I equation governs
the physical system possessing high surface tension, whereas KP-II is used to describe the physical system with weak
surface tension. The K-P equation plays significant role in the allied fields like fluid dynamics, shallow water waves,
plasma physics, astrophysics and so on. Both the KP-I and KP-II equations exhibit line solitons which are generalized
soliton solutions of the KdV equation. The KP-I exhibits lump soliton solution, while the KP-II equation possesses
periodic solution expressing optical solitons [1-4, 11]. In the vast literature, many methods substantiate such soliton
solutions to the nonlinear PDE to name a few : inverse scattering method, perturbation method, the tanh method,
Adomian decomposition method, the Hirota’s method, G’/G method, perturbation homotopy method, collocation
method, Lie symmetry method and many recent novel methods [5-10, 12, 13, 15, 18-26, 30].

Prominent researchers, including R. Hirota, J. Hietarinta, W. Malfliet, R. S. Johnson, A. M. Wazwaz and many
more have contributed to develop mainly Hirota’s method and tanh — coth method for multi-solitons through their
works [13, 15, 16, 28, 30]. Hirota’s method is one of the efficient method to deduce multi-solitons. This is achieved
by first expressing the given differential equation in its bilinear form using Hirota operators [14, 15, 26]. The tanh
method is also one of the popular methods to find soliton solutions to the nonlinear PDE’s by expressing them as a
finite series expansion in terms of tanh [22-24].
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This article focuses on computing certain bounded solutions to the tenth order K-P (tK-P) equation, in particular
soliton solutions. Since KP equation is integrable it admits multi solitons. In the present work, we just give the
necessary condition for the integrability by finding multi-solitons of the derived equation. We also employed tanh
method to tK-P equation to ensure the one soliton solution obtained via Hirota’s direct method. The remainder of
this paper is organized as follows: In section 2, the tenth-order KP (tKP) equation is derived using Hirota bilinear
operators. In section 3, we obtain its multi-solitons using the Hirota’s Direct method and Hirota’s one-soliton solution
is reconfirmed through the tanh method. In section 4, few 2d and 3d plots of the derived solutions are plotted and in
the concluding section, open problems are discussed.

2. DERIVATION OF THE GENERALIZED TENTH ORDER K-P EQUATION

This section presents the derivation of a tenth-order Kadomtsev—Petviashvili (tKP) equation.
The K-P equation is given by [17, 30]

(u + 6uty + Uzea), £ Uyy = 0. (2.1)
Substituting © = w, into Eq. (2.1) and integrating twice with respect to x it can be reduced into Hirota bilinear form
(DeDi+ Dy £ D3) (f- ) =0, (2:2)

where u and f are related by
2

3}
u= 2@ log f(z,t,y). (2.3)

We note that order of the K-P Equation (2.1) is 4 and its corresponding bilinear form also has order 4. In order to
study the effect of increasing order of bilinearity on multi-soliton, we generalize Eq. (2.2) to 10" order given by:

P(D)(f - f) = (DaDy + Dy + aDS + BDS + yD° £ D2) (f - f) = 0, (2.4)

where «, 8 and 7y are real constants.
By Hirota operators [15] (2.4) is equivalent to

[f for = fafid + [f fao = Afofow + Bfroafac] + & [foof — 650 fo + 15 10 for — 10fava fava]

+ B[f fso — 8frufe + 286z fra — 56 f5u [z + 35f1x faz| + Y[ f fi0e — 10fou fu + 45 fsu fou (2.5)

— 12074 f32 + 210 fou f1o — 126 f5g fso] £ [fyyf — fyfy] = 0.
Employing the relation (2.3) and the Hirota’s operators [15, 26] in (2.4) gives us the desired tK-P equation as

Ugt + Ugy + 6(Utyy + ui) + Q[UGI + 15(uugy + 2uzus, + uix) + 45(2uu§ + uzum)]

+ [ng + 28(uttgy + 2usptiy) + IUpptiay + T0US, + 210(uuyy + 4utzus,)

+ 420(uu?, + uug, + 3utu? + u2mui)] + v [ulm + 45(uugy + 2urzty) + 255U6gUgs (2.6)

+ 210(2usptuze + u3,) + 410Uty + 1575 4+ 630(uue, + 4utius, + 2uau’)

+ 3150(2ugugpusy + uugm + wdugy + 6uugus, + 3ugufm + 6uuium) + 4725(4u3u926 + u4um)] £ uyy = 0.
Since our focus is on bounded solutions to (2.6), in the ensuing section we compute multi-soliton solutions and reconfirm
the one soliton solution using the tanh method.

3. SOLUTION BY HIROTA’S METHOD AND THE tanh METHOD

In this section, we deduce that multi-solitons exists for the derived tK-P Equation (2.5) using Hirota’s direct

method. In order to deduce the soliton solution, the unknown function f has to be determined, where the solution
2

0
u(x,t,y) and f(z,t,y) are related by the transformation, u = QW log f(z,t,y).
x
We assume that f =1+ E €" fn, where f1, fo..., are yet to be found. For more details please see [12-15, 30].

n=1
an
BE
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3.1. One soliton solution. For one soliton solution , consider the bilinear form (2.4) and observing the fact that for
one soliton solution f =0,k > 2.

We obtain f(x,t,y) = 1 +efi = 1+ e’ where, § = kx + my — ct,e, k, ¢ and m are real constants. Using this
f(z,t,y) in (2.5), we have

e[—ke+ E* + ak® + BE® + 4k £ m?)e? = 0.
This implies,
o k* + akb + BES + vE10 £ m?
3 .

Hence the one soliton solution of Eq. (2.6) is
62
U= 2@ log f(z,t,y)

k2 k —ct
= eat? (ﬁvﬂgyc) ,

(3.1)

3.2. Two Soliton Solution. For two soliton solution, consider the bilinear form (2.4) and using the fact that for two
soliton solution fr =0,k > 3.
We obtain, f(z,t,y) = 1+ ef1 + €2 f2, where

fl = 691 + 6027
fo = a12e” T2 0, = kjx + muy — eit, (i = 1,2),

k;,c; and m; are real constants and the coupling constant a2 to be determined.
By considering P(D)(f - f) = 0 and equating the coefficients of €2, we obtain

(DeDy¢ + Dy + aDy + D5 +~vD° £ D7) (1 fo+ f1- fi+ f2+1) = 0.
Implies,

(DeDy + Dy + aDg + D3 ++D;° £ D) (2(f2- 1) + (fi - f1)) = 0,
which results in,

[ — (]{51 — /{22)(61 - CQ) + (kl — k2)4 + Oé(kl — /{52)6 + B(lﬁ — kz)g + ’}/(kl — kg)lo + (m1 — m2)2]
12 = — 4 6 8 10 2] (3:2)
[ — (k1 + ko) (1 + c2) + (k1 + ko) + alky + k2)® + B(k1 + k2)® + (k1 + k2)'0 & (my + my)?]
Therefore, f can be expressed as

f =1+ 6(691 + 602) + 62a12691+92.

2

0
Using the above f in u = 2@ log f(x,t,y) is the two soliton solution of (2.6).

3.3. Three Soliton solution. In this subsection, we examine the existence of three soliton solution of (2.4). For
that, we consider the auxiliary function

f=1+efi+Efo+fs, (3.3)
where

fi=e" e + e,

fo = a12€” % 4 ay5e" T 4 agge? 05, (3.4)

f3 = b1o3 e t0210s  with 0, = kix + myy —cit, 1=1,2 3.

Here, b123 is a coupling constant.

In the existence of multi-solitons the constant bio3 plays a crucial role. If it can be expressed as product in terms
of a12,a23 and ai3 satisfying the three soliton condition, then one can conclude that the nonlinear partial differential
equation possesses multi-soliton solutions [12, 14, 15, 30].

(&)
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We compute,
[ = (ki = k) (ei — ) + (ki = kj)* + (ks — k;)® + Bki — kj)® + (ki — k;)'° £ (mi —my)?]
[ = (ki + kj)(ci + ¢5) + (ki + k)% + ks + k)0 + Bks + k;)® 4+ (ki + k)10 + (my; +my)?]’
where 1 < i < j <3, k;,¢; and m; are real constants.

By considering P(D)(f - f) = 0 and equating the coefficients of €3, we obtain,

(DeDy + Dy + DS + 8D + DY £ D2) (- fs+ f1- fo+ fo- f1+ f3-1) =0. (3.6)
After substituting the values of fi, fo and f3 from (3.4) and (3.5) into (3.6) results in,
araP(ks — k1 — ko) + a13P (k2 — k1 — k3) + aos P(ky — ko — k3)

P(ky + ko + k3)

Now, computing P(D)(f1- fs + f3- f1 + f2 - f2) = 0, with the condition f, = 0,n > 4, leads to

bi2s = a12a23a31. (3.8)
From (3.7) and (3.8), it follows that,

~a12P(ks — ki — k2) + a13P (k2 — k1 — k3) + ass P(k1 — ko — ks)

Ai5 = —

b123 = — . (37)

P(ky + ko + k3) = a12023031- (3.9)
Further, simplifying the above Equation (3.9), results in the three soliton condition, given by
P(ky — ko) P(ky + k)P (ko + k3)P (ks — k1 — ko)
+ P(ky — k3)P(ky + ko) P (ko + k)P (ko — k1 — k3) (3.10)

3) )
+ P(ko — k3)P (k1 + ko) P(k1 + k3)P(k1 — ko — ks3)
= P(k1 — ka)P(ka — k3)P(k1 — k3)P(k1 + ka2 + k3).
Hence,
f=1+ e 4 ef2 4 efs 4 a12691+‘92 + a13691+93 + a236‘92+93 + a12a13a93 10203

82
Using the above f in u = 2W log f(z,t,y) is the three soliton solution to (2.6).
x

The higher order soliton solutions can be obtained in analogous way. Thus, we arrive at the conclusion that the
proposed tK-P equation admits multi-solitons.

3.4. The Tanh method. This sub section is devoted to the tanh method which reconstructs the one soliton solution
that is obtained from the Hirota’s method. The basic idea of tanh method is to express the given PDE into an ODE
by suppressing multi-variables by a single variable. And expressing the solution by the powers of tanh. As it exhibits
auto truncation of the series, it is handy to treat the complicated nonlinear PDE by this method. [22-24, 29, 30].

By introducing the variable z = kx +my — ¢t and denoting u(z, ¢,y) = U(z) then the PDE (2.6) can be transformed
to the following ODE;

(—ke £ m*)U,, + k*Uy, + 6k*(UU,, + U2) + a[k®Us, + 15k*(UUy, + 2U,Us, + UZ)
+ 45k3(U?U.. 4 2UU?)] + B[k3Us. + 28kS(UUs., + 2U.Us.) + 98kSU.. U, + T0kSUZ,
+ 210k*(U?Uy, + AUU,Us,) 4+ 420(k*U U, + K*U..U® 4 3K*U*U? + k*U..U?)]
+ Y[k U0, + 45k3(UUg, + 2U,Uz,) + 255k%U., Us, + 210k®(2U3,Us, + UZ,) + 4410k°U U, U,
+ 1575k°U2, + 630(kSU?Us, + 2k°U2U4, + 4k°UU,Us,) + 4725k*(U*U,, + AU3U?2)
+ 3150(2kSU, U, U. .. + kKSUUZ, + K*'U3U,. + 6k*UU.Us, + 3k*UUZ, + 6k*'UU2U..)] = 0,
where U, = D, U.
Equation (3.11)is now solved using the tanh method. The stage of auto truncation can be determined by equating
the exponents of higher derivative and the highest power of nonlinear terms of the differential equation.
B8O
BE

(3.11)
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So, by balancing the highest order term Uy, and the highest power nonlinear term U, ,Us,
M +10=2M + 8.
We obtain
M =2.

Hence, we consider

2
Uy)= Z arY"*, where Y = tanh %
k=0

2 k2
Using the above in the ODE (3.11) we get a; = 0 and by fixing ag = > and ag = Y the solution is

= 1w ()]
k2
=5 (1=7%),

Consequently, the wave velocity ¢ in this tanh-method solution is identical to that obtained from Hirota’s one-soliton
solution.

For that we simplify the terms of the ODE (3.11) as follows;
k2
o (—kc+mHU,, + k'Us. + 6K*(UU,, + U?) = Z[—kc +m? + kY (3Y? - 1)(1 - Y?),
kS
e K°Us, + 15k*(UUy, + 2U,Us, + UZ2,) + 45k*(U?U,, +2UU?) = Z(31/2 —1)(1-Y?),

o k8Us. + 28k8(UUs, + 2U.Us.) + 98kSU.. Uy, + T0kSUZ, + 210k*(UU,., + 4UU.Us,)

k.lO
+420(k*UU,, + K*U.,U? 4+ 3K*U?U? + K*U,,U?) = T(3Y2 —~1)(1-Y?),

e kU, + 45k%(UUs, + 2U,Uy,) + 255k%U., . Us.. + 210k%(2U3,Us, + UZ,) + 4410k°U U, Uy,
+ 1575K°U2, + 630(kSU?Us, + 2kSU2Uy, + 4kSUU,Us,) + 4725k*(U*U,, + AU3U?)
+ 3150(2k°U. U, U.... + kSUUZ, + k*UPUy, + 6k*UU.Us, + 3K*U%U?, + 6k*UUU.,.)
k12
= T(3Y2 —1)(1-Y?).
Using this simplified terms in the ODE (3.11), yields
k* + akS + BE® + yk10 £ m?
CcC = .
k

Hence the solution to (2.6) is
k? kx — ct
U= ?Sech2 (3602—|—my>
with
e k* + ok 4 BE® + vk'0 + m?
= 7 .

This solution is identical to the one-soliton solution derived via Hirota’s direct method in section 3.1. Thus, the
one-soliton solution for the tKP equation has been successfully derived and verified using two independent methods:
Hirota’s direct method and the tanh method.

(&)
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4. PLOTS OF SOLUTIONS

In this section, we plot few graphs of the solutions that are given in the previous sections for different values and
we conclude by highlighting few open problems.
(1) Plots for one soliton solutions (1ss) of Eq. (2.4) by Hirota’s method.
For one-soliton solution of (2.4), we have chosen the particular values as :
e=lLk=1l,a=p=v=1and m=1then f =1+ exp(x+y—1).
Case (i): For t=0.
The corresponding Maple code is provided below:
> plot3d((1/2) x sech((x + y) x (1/2))?,y = —10..10,x = —10..10)

FIGURE 1. One soliton solution with the particular choices e =1,k =1, a=8=v=1,and m =1,
t=0.

Case (ii): For y=0.
Maple code (for Figure 2):
> plot3d((1/2) * sech((x — 3 xt) * (1/2))%,t = —10..10, 2 = —10..10)

0.4+

0.3~

0.2

0.1+

0
5 0
=510 -5 0

X i

L
=

FIGURE 2. One soliton solution with the particular choices e =1,k =1, a=p8=~v=1,and m =1,
y=0,c=3.

(=)=
E)NE
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Case (iii): For y=0, t=0.
Maple code (for Figure 3:
> plot((1/2) * sech((1/2) * x)?, 2 = —10..10)

X

FIGURE 3. One soliton solution with the particular choices e =1,k =1, a=8=v=1,and m =1,
y=0and t=0.

(2) Plots for two soliton solutions (2ss) of Eq. (2.4) by Hirota’s method.
For the following particular choices :
a=1,=1,v=1,ki=1,ks =2,m; =1 and ms = 2 we have ¢; = 3, ¢co = 678 and a2 ~ 0.0104.
Case (i): Interaction in the x-t plane with y=0.

The corresponding Maple code is:

> plot3d(2 % (exp(x — 3 xt) +dxexp(2+xx — 678 t) + (0.104e — 1% 9) x exp(3*x x — 681 % 1)) /(1 + exp(x — 3*t) +
exp(2*x—678+t)+0.104e — 1 xexp(3xx —681*t)) — 2% (exp(x — 3*t) + 2% exp(2xx — 678*t) 4+ (0.104e — 1% 3) *
exp(3xx—681xt))?/(1+exp(z—3*t)+exp(2xx—678*t)+0.104de— Lxexp(3xx—681%t))?, 2 = —6..6,¢t = —2..5).

FIGURE 4. Two soliton solution with a =1,8=1,y=1,ky = 1,ke =2,m; =1,y =0, and mq = 2,
C1 = 3, Cy = 678, and ajp ~ 0.0104.
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Case (ii): t=0.
Maple code (for Figure 5):
> plot3d(2 x (exp(x + y) + d*xexp(2*xx +2*y) + (0.10de — 1 % 9) x exp(3xx + 3 *xy))/(1 + exp(x + y) +
exp(2x x4+ 2% y) 4+ 0.10de — 1 xexp(3*x v+ 3 xy)) — 2% (exp(z +y) + 2*xexp(2*x + 2 xy) + (0.104e — 1 %
3)xexp(3xx+3+y))?/(1+exp(x+y)+erp(2xx+2xy)+0.104e — 1 xexp(3xx+3%y))?, v = —8..8,y = —1..5.5)).

FIGURE 5. Two soliton solution with « = 1,86 =1,vy=1,k; = 1,ko =2,m1 = 1,t =0 and my = 2,
c1 =3, cag =678, and a1z =~ 0.0104.

Case (iii): t=0, y=0.
Maple code (for Figure 6):
> plot(2x(exp(x)+4dxexp(2+x)+(0.104de—1%x9) xexp(3xx)) /(1 +exp(x) +exp(2xx)+0.104de — 1 xexp(3*x)) — 2%
(exp(z)+2*exp(25x)+(0.104e —1x3) xexp(3x))? /(1+exp(x)+exp(2xx) +0.104e — 1 xexp(3xx))?, 2 = —8..8).

FIGURE 6. Two soliton solution with a« = 1,8 =1,y =1,k = 1,ks =2,m; = 1,t =0,y = 0, and
mo = 2, c1 = 3, Co — 678, and a2 ~ 0.0104.

(=)=
E)NE
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5. CONCLUSION

In summary, we derived tenth order K-P equation and discussed its multi-solitons by applying Hirota’s Direct
method. Also, we have employed the tanh method to obtain soliton solution which agreed with the one-soliton of
Hirota’s method.

In addition to the multi-solitons that are computed, it will be interesting to workout other types of solutions such
as rational, singular, shock wave and periodic wave solutions to tK-P equation. Studying tK-P equation in a coupled
system by applying complex transform, namely, u(z,y,t) = p(x,y,t) + ig(z,y,t) and computing their solutions is also
open. The present work establishes the existence of multi-solitons to tK-P equation which is only a necessary condition
for its integrability [27]. So, whether tK-P equation is integrable or not will be one more open problem.
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