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Soliton and Periodic Wave Solutions of the
Nonlinear Loaded (3+1)-Dimensional Version of

the Benjamin-Ono Equation by Functional
Variable Method*
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Abstract In this article, we establish new travelling wave solutions for the
nonlinear loaded (3+1)-dimensional version of the Benjamin-Ono equation by
the functional variable method. The performance of this method is reliable
and effective and the method provides the exact solitary wave solutions and
periodic wave solutions. The solution procedure is very simple and the trav-
eling wave solutions are expressed by hyperbolic functions and trigonomet-
ric functions. After visualizing the graphs of the soliton solutions and the
periodic wave solutions, the use of distinct values of random parameters is
demonstrated to better understand their physical features. It has been shown
that the method provides a very effective and powerful mathematical tool for
solving nonlinear equations in mathematical physics.
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1. Introduction

Nonlinear partial differential equations are important equations used in modeling
many phenomena in science and engineering applications. One of the most impor-
tant nonlinear evolution equations is the Benjamin-Ono(BO) equation

utt + α
(
u2
)
xx

+ βuxxxx = 0, (1.1)

where the constant coefficient α controls the nonlinearity and the characteristic
speed of the long waves, the other constant β is the fluid depth, α, β are non-zero
parameters and u(x, t) is the elevation of the free surface of the fluid. In 1967, Ben-
jamin examined a general theoretical treatment of a new class of long stationary
waves with finite amplitude. Ono extended Benjamin’s theory to obtain a class of
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nonlinear evolution equations in 1975. The BO equation describes internal waves
between two stratified homogenous fluids with different densities, where one of the
layers is infinitely deep [1–4]. The literature is rich in different studies aimed at
discovering special solutions to the nonlinear BO equation, such as the existence of
multi-soliton solution by [1, 5] and certain discrete solutions by Tutiya [6]. Many
powerful and direct methods have been developed to find special solutions to non-
linear BO equations such as analytically method [7], exp-function method [8], nu-
merical method [9, 10], Hirota bilinear method [11], extended truncated expansion
method [12], generalization of the homoclinic breather method [13], tanh expansion
method [14] and constructive method [15], which are used for searching the exact
solutions.

In [16], (2+1)-dimensional extension of the BO equation is given as:

utt + α
(
u2
)
xx

+ βuxxxx + γuyyyy = 0, (1.2)

where α, β and γ are non zero constants and u(x, y, t) is the elevation of the free
surface of the fluid. The multiple soliton solutions and multiple complex solitons
solutions to (1.2) were taken using the simplified form of the Hirota’s method [16].
The exact solutions have great importance in revealing the internal mechanism of
the physical phenomena.

In this paper, we consider the following nonlinear loaded (3+1)-dimensional
version of the BO equation with variable coefficient

utt − α
(
u2
)
xx

− βuxxxx − γuyyyy − λuzzzz + φ(t)u(0, 0, 0, t)uxx = 0, (1.3)

where φ(t) is the given real continuous function, x ∈ R, y ∈ R, z ∈ R, t ≥ 0, α, β, γ
and λ are arbitrary constants, and u(x, y, z, t) is the elevation of the free surface of
the fluid. Equation (1.3) is an extension form of (1.2), which contains an additional
term with a variable coefficient. As in equation (1.2), equation (1.3) can be used to
describe long internal gravity waves in deeply stratified fluids.

Nowadays due to intensive research on optimal management of the agroecosys-
tem, there has been a significant increase in interest in loaded equations. For
example, one area of focus is long-term forecasting and regulation of groundwater
and soil moisture levels. Among the works devoted to loaded equations, one should
especially note the works of A. Kneser [17], L. Lichtenstein [18], A. M. Nakhu-
shev [19,20], and others. It is known that the loaded differential equations contain
some of the traces of an unknown function. In [19,20], the term of loaded equation
was used for the first time, the most general definitions of the loaded differential
equation were given and also a detailed classification of the differential loaded equa-
tions as well as their numerous applications was presented. A complete description
of solutions to the nonlinear loaded equations and their applications can be found
in papers [21–29].

In this study we construct exact travelling wave solutions of the nonlinear loaded
(3+1)-dimensional version of the BO equation (1.3). The functional variable method
is used to obtain exact solutions for these equations, including solitary wave solu-
tions and periodic wave solutions. The performance of this method is reliable and
effective and gives the exact solitary wave solutions and periodic wave solutions. The
solution procedure is very simple and the traveling wave solutions are expressed by
hyperbolic functions and trigonometric functions. The graphical representations of
some obtained solutions are demonstrated to better understand their physical fea-
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