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Abstract

It is significantly important to search for exact soliton solutions to nonlinear partial differential
equations (PDEs) of mathematical physics. Transforming nonlinear PDEs into bilinear forms using
the Hirota differential operators enables us to apply the Wronskian and Pfaffian techniques to search
for exact solutions for a (3+1)-dimensional generalized Kadomtsev-Petviashvili (KP) equation with

not only constant coefficients but also variable coefficients under a certain constraint
(ur + a1 (D) Ugey + 302(t)uztiy) e + az(t)uy — aa(t)uzs + as(t)(ue + az(t)uy) = 0.

However, bilinear equations are the nearest neighbors to linear equations, and expected to have
some properties similar to those of linear equations. We have explored a key feature of the linear su-
perposition principle, which linear differential equations have, for Hirota bilinear equations, while
intending to construct a particular sub-class of N-soliton solutions formed by linear combinations
of exponential traveling waves. Applications are given for the (3+1) dimensional KP, Jimbo-Miwa
(JM) and BKP equations, thereby presenting their particular N-wave solutions. An opposite ques-
tion is also raised and discussed about generating Hirota bilinear equations possessing the indicated
N-wave solutions, and two illustrative examples are presented.

Using the Pfaffianization procedure, we have extended the generalized KP equation to a gener-
alized KP system of nonlinear PDEs. Wronskian-type Pfaffian and Gramm-type Pfaffian solutions
of the resulting Pfaffianized system have been presented. Our results and computations basically
depend on Pfaffian identities given by Hirota and Ohta. The Pliicker relation and the Jaccobi iden-
tity for determinants have also been employed.

A (3+1)-dimensional JM equation has been considered as another important example in soliton
theory,

Uyt — Ugzzy — 3(UzlUy)z + 3Uz, = 0.

v



Three kinds of exact soliton solutions have been given: Wronskian, Grammian and Pfaffian solu-
tions. The Pfaffianization procedure has been used to extend this equation as well.

Within Wronskian and Pfaffian formulations, soliton solutions and rational solutions are usually
expressed as some kind of logarithmic derivatives of Wronskian and Pfaffian type determinants and
the determinants involved are made of functions satisfying linear systems of differential equations.
This connection between nonlinear problems and linear ones utilizes linear theories in solving soli-
ton equations.

Bicklund transformations are another powerful approach to exact solutions of nonlinear equa-
tions. We have computed different classes of solutions for a (3+1)-dimensional generalized KP
equation based on a bilinear Béacklund transformation consisting of six bilinear equations and con-
taining nine free parameters.

A variable coefficient Boussinesq (vcB) model in the long gravity water waves is one of the

examples that we are investigating,
u + a1 (O ugy + ao(t) (uw)y + as(t)vy, =0,

v + B1(t) (wug + 2vuy + uvy) + Bo(t) (ugwy — (uy)2) + B3(t)vzy + Ba(t)ugyy =0,

where w, = u,. Double Wronskian type solutions have been constructed for this (2+1)-dimensional

vcB model.



Chapter 1

Introduction

Nonlinear partial differential equations arise in various subjects of mathematical physics and engi-
neering, including fluid dynamics, plasma physics, quantum field theory, nonlinear wave propaga-
tion and nonlinear fiber optics. Nonlinear wave equations and the soliton concept have introduced
remarkable achievements in the field of applied sciences [1]-[5].

In general, it is a very hard to find exact solutions to nonlinear partial differential equations, in-
cluding soliton equations. Moreover, there is almost no general technique or algorithm that works
for all equations, and usually each particular equation has to be studied as a separate problem.

However, in the past six decades, many powerful and systematic methods have been developed
to obtain exact solutions for nonlinear differential equations, which play an important role in under-
standing various qualitative and quantitative features of nonlinear phenomena, and such methods
include the inverse scattering method, the Darboux transformation, the Biclund transformation, the
Hirota direct method, the Wronskian and Pfaffian techniques [6]-[21].

In this chapter, we present an overview of soliton theory and its historical background. Then we

outline the organization of the dissertation.

1.1 Historical Perspective

Solitons were first accidently observed by J. Scott Russell in 1834 [22, 23] while he was riding
his horse along a canal near Edinburgh. He did extensive experiments in a laboratory scale wave
tank in order to study this phenomenon more carefully. Included amongst Russell’s results are the
following:

1. He observed solitary waves, which are long, shallow, water waves of permanent shape, and so
he concluded that they exist.

2. The speed of propagation, v, of a solitary wave in a channel of uniform depth h is given by



v? = g(h + 1), where 7 is the amplitude of the wave and g is the force due to gravity. For more
details of his discovery, see [24].

In 1876, J. V. Boussinesq proposed another theory of shallow water waves, which agreed with
what Russell observed [25, 26]; he derived a one dimensional nonlinear evolution equation, which
named after him, in order to obtain his result. The existence of the solitary wave was first cor-
roborated by the equation derived by Dierderik Johannes Korteweg and Gustav de Vries [27], now

known as the KdV equation,

on 3 g0 /1, 2 16277) 1.4 Th

2 /L= z B =_-h’— — 1.1

or 2\@35(2” T3MT395¢2)  TT3Y T gy (1.D
where 7 is the surface elevation of the wave above the equilibrium level h, v is a small arbitrary
constant related to the uniform motion of the liquid, g is the gravitational constant, T is the surface

tension and p is the density. Equation (1.1) may be brought into nondimensional form by making

the transformation

Hence, we can obtain

ug + 6utly + Ugrr = 0. (1.2)

In 1955, Fermi, Pasta and Ulam employed numerical methods to solve Newton’s equations of
motion for a one-dimensional series of similar masses connected by springs [28]. Zabusky and
Kruskal [2] were inspired by those studies and they studied and analyzed the KdV equation which
had been originally arisen from the Fermi, Pasta and Ulam work. They discovered that the solitary
waves preserve their shape and velocity even after collisions. They called such waves ’solitons’.

The first exact soliton solution for the KdV equation was given by Gardner, Greene, Kruskal and
Miura in 1967 [6]. They reduced the nonlinear problem to a well known Sturm-Liouville eigen-
value problem, and then they developed a new method for solving the initial value problem of the
KdV equation, which is well known as the inverse scattering transform (IST) method. The IST is
a well-developed mathematical theory which can be used to solve the initial value problems for a
limited class of evolution equations. However, it is very difficult to establish an appropriate inverse
scattering problem depending on the existence of an infinite number of independent conservation

laws for an evolution equation. A generalization of their results was made by Lax in 1968 [29] and



he introduced a Lax pair concept.

In 1971, Ryogo Hirota developed an ingenious method for obtaining the exact multisoliton so-
lution of the KdV equation and derived an explicit expression of the N-soliton solution [30]. His
method consisted of transforming a nonlinear evolution equation into a bilinear equation through
the dependent variable transformation [31]. The bilinear equation thus obtained can be solved by
employing a perturbation method, which was shown to be applicable to a large class of nonlin-
ear evolution equations such as the modified Korteweg-de Vries (mKdV) [32], sine-Gordon (sG)
[33, 36], nonlinear Schrédinger (NLS) [34] and Toda lattice (TL) [35] equations.

The Hirota direct method, in 1984, enabled Tajiri to obtain N-soliton solutions of two and three
dimensional nonlinear Klein-Gordon (KG) equations [37] and Higgs field (H) equation [38]. In
1987, Hietarinta published four papers regarding to the searching for integrable partial differential
equations from the bilinear form of KdV, mKdV, sG, and NLS equations. In his investigations, he
used computer algebra software to check the condition for existence of three soliton solutions, and
he discovered many new integrable bilinear equations [39]-[42].

Satsuma discovered that the soliton solutions of the KdV equation could be expressed in terms
of Wronskian determinants in 1979 [43]. Later, in 1983, Freeman and Nimmo found that the
Kadomtsev-Petviashvili (KP) equation in its bilinear form could be written as a determinantal iden-
tity [15]. Following these notable achievements, Wronskian solutions of other equations, for ex-
ample, the Boussinesq [44], sine-Gordon [45], nonlinear Schrodinger [46] and Davey-Stewartson
[46] equations, were subsequently obtained. On the other hand, Nakamura was the first to consider
soliton solutions of the KP equation in Grammian form. He noted that the Grammian determinant
is related to the determinant with integral entries often used in the IST [47].

In 1989, Hirota described some properties of Pfaffians, which can be defined by the property
that the square of a Pfaffian is the determinant of an antisymmetric matrix, and showed that the
derivatives of the Pfaffians of special elements are represented by the sum of the Pfaffians. Using
these properties, he proved that the KP equations, having B-type, can be reduced to the identity of
Pfaffains [48]. In 1991, Hirota and Ohta developed a procedure for generalizing nonlinear evolu-
tion equations from the Kadomtsev-Petviashvili hierarchy to produce coupled systems of equations.

This procedure is now called Pfaffianization [49].



1.2 Traveling Waves and Solitons

One of the main interesting properties of the KdV equation is the existence of permanent wave

solutions, including solitary wave solutions.

Definition 1.1 /50] A solitary wave solution of a partial differential equation
L(x,t,u) =0, (1.3)

where t € R, x € R are temporal and spatial variables and the dependent variable u € R is a

traveling wave solution of the form
u(z,t) = f(z —~t) = f(2), (1.4)

whose transition is from one constant asymptotic state as z — —o< to (possibly) another constant
asymptotic state as z — oo. (Note that some definitions of solitary waves require the constant

asymptotic states to be equal, often to zero.)

Definition 1.2 /50] A soliton is a solitary wave which asymptotically preserves its shape and veloc-
ity upon nonlinear interaction with other solitary waves, or more generally, with another (arbitrary)

localized disturbance.

The physical definition of a wave is a disturbance that transmits energy from one place to another.

The simplest wave propagation equation is given by
Ut = VU Uag, (1.5)

where u(zx,t) represents the amplitude of the wave, and vy is the speed of the wave. The general
d’ Alembert’s solution is

u(z,t) = f(z — vot) + g(z + vot), (1.6)
where f and g are arbitrary functions which represent the right and the left propagating waves

respectively. Since the one-dimensional wave equation can be factorized as

let us consider the simpler form,

0 0
(a + vg%)u(:p,t) =0, (1.8)

4



which has the right moving wave solution,
u(z,t) = f(x — vot). (1.9)
If we assume that u is periodic, then the most fundamental solution is the plane wave solution,
u(zx,t) = expli(wt — kx)]. (1.10)

Substitution this solution in the simple wave equation (1.8), we get the relationship between the
wave number k and the angular frequency w which is given by w = vgk. This is called a disper-
sion relation, which, in this case, is linear. Such kind of waves that governed by linear dispersion
relations are called nondispersive waves. The shape of these waves do not change as the wave prop-
agate.

Adding a third order spatial derivative, which is the dispersion term, to the equation (1.8) gives
the linear dispersive equation

Ut + VoUg + Ugzr = 0. (1.11)

Assuming that the equation (1.11) has the plane wave solution (1.10), then its dispersion relation is
given by the following nonlinear relation in &,

w = vok — k°. (1.12)

Therefore, the wave propagates at the velocity

w
%M:E:m—ﬁ (1.13)
Since the velocity varies with k, the wave spreads out as it travels. This shows that linear dis-
persive waves do not preserve their original shape. Now let us consider the following nonlinear

nondispersive wave equation,

up + v(u)u, = 0. (1.14)

This equation is nonlinear wave equation in which the speed v(u) depends on the amplitude w.

Equation (1.14) has the formal solution
u(z,t) = f(x — v(u)t), (1.15)

and if v = v(u) is an increasing function in u, then this formula tells us that a wave travels faster

as its amplitude increases. This means that the top of the wave will move faster than the base of



Figure 1.: Steepening of a solitary wave. A wave which is symmetrical at t = 0 steepens and breaks because

of the dependence of the wave speed on its amplitude.
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Figure 2.: Approximation of a solitary wave at its top and base.

the wave, and the wave will steepen (and eventually break). Thus, a non-linear non-dispersive wave
will exhibit steepening and does not remain invariant like a soliton, see Figure 1.

We have seen from the above examples that neither linear dispersive solitary wave nor nonlinear
nondispersive solitary wave can exist. We would like to investigate the influence that nonlinearity
together with dispersion have on the wave behavior. For this end, we consider the well known KdV

equation in its standard form,
Ut + 6UUy + Ugrr = 0. (1.16)
Assume that the solitary wave, shown in Figure 2 , exists and it is symmetrical around the point

of the maximum amplitude A. We can approximate u by the function w;,, in the neighborhood of

n = 0, which can be a quadratic in n and the dispersion term u,,, will be zero. Therefore, the



function wy,, satisfies the equation (1.14) with v(u) = 6u,
u + 6uu, =0 (1.17)

On the other hand, at the base of the wave, the nonlinear term can be neglected because w is very
small, and so the approximation of the solution at the base, denoted by upse, satisfies the linear
differential equation

Up + Ugpgy = 0. (1.18)
Hence, the phase velocity is given by
vy (k) = % — k2, (1.19)

Therefore, the top and the bottom of the wave do not move at the same speed. But this contradicts
our assumption that the above wave is a solitary wave. This contradiction comes from the nonlin-
earity of the KdV equation and the superposition principle of waves no longer valid. So we need to

express the base of the wave in term of exponentially decaying solutions
u(z,t) = e, where n = px — Qt. (1.20)
From the equation (1.18), we obtain the nonlinear dispersion relation,
Q=7p (1.21)
The velocities at the top, v¢p, and at the base, vpqse, are given by
Q 2

Vtop = 6A, Vbase = E =p. (1.22)

Hence, in order to get a solitary wave that travels without changing its shape, at least, these two

velocities should be coincide, which happens if and only if p and A satisfy the relation
6A = p>. (1.23)

From the above discussion, we can say that a wave equation having soliton solutions has both
nonlinearity and dispersion.

To obtain traveling wave solutions of the KdV equation

ut + 6uly + Upzr = 0, (1.24)



where u = u(z, t) is a differentiable function and u(x, t) along with its derivatives tends to zero as
|x| — oo, we seek a solution in the form f(z — ~t). By substitution this form in the KdV equation,

then integrating and multiplying by 2 f " we get

() =" +27° (1.25)
which is an ordinary differential equation with an explicit solution

f(z)= §sech2 \F (1.26)

where z = x — ~yt. Hence the KdV equation has the following one-soliton solution

u(z,t) = = sech? f(x —t) (1.27)

7
2
> NaCael)
28 log(1+e 7. (1.28)
One of the restrictions in the application of the KdV equation as a practical model for water
waves, is that the KdV equation is strictly only (1+1)-dimensional, whereas the surface is two-

dimensional. A two dimensional generalization of the KdV equation is the Kadomtsev-Petviashvili

(KP) equation
(ut + 6uty + Ugzs)e + 302Uy, = 0, (1.29)

where 02 = +1. For more details about the physical derivation of the KP equation as a model for

surface water, we refer to [50, 51].

1.3 Dissertation Outline

This dissertation is organized as follows. In Chapter two, we will provide a brief introduction to the
Hirota perturbation method, where we present basic properties of the Hirota differential operators
and their applications in transforming nonlinear partial differential equations into the Hirota bilinear
form. The concrete examples that we will discuss are: the KdV, vcKP and JM equations and the
Boussinesq system. Then we are going to discuss the Ma and Fan superposition principle for bilinear
Hirota equations.

In Chapter three, we will introduce a new generalization for the KP equation with variable co-

efficients. Wronskian and Grammian solutions will be formulated for this generalized equation



after transforming it into a bilinear form. Furthermore, we will present an extension of the vcKP
equation that results in a nonlinear system of bilinear differential equations with two kind of so-
lutions: Wronski-type form solutions and Gram-type form solutions. Our results basically depend
on Pfaffian identities provided in the first section of this chapter. In the last section, we use the
bilinear Bécklund transformation to present exponential and rational traveling wave solutions to the
(3+1)-dimensional generalized KP equation.

The fourth chapter will be about another nonlinear partial differential equation, named after Jimbo
and Miwa. Three kind of solutions will be constructed. Particular solutions will be given along
with their figures in three dimensional plots and two dimensional contour plots. The Pfaffianization
procedure will be used to extend this equation to a nonlinear system with two kind of exact solutions
of Wronski-type and Gram-type. The variable coefficients JM equation will be discussed in the last
section of this chapter.

In Chapter five, a double Wronskian determinant solution will be formulated for a new gener-
alized Boussinesq system with time dependent coefficients. Indeed, we will show that this system
will be transformed into a bilinear system and then we are going to verify that each equation in this
system will be reduced to different forms of the Pliicker relation.

Finally, conclusions and remarks will be given in the sixth chapter.



Chapter 2

Hirota Bilinear Equations

Although the Inverse Scattering Transform (IST) method is one of the powerful tools used to solve
many initial value problems for nonlinear evolution equations, the transform is not easy to deal with
and it needs strong assumptions and difficult analysis. On the other hand, one can find a traveling
wave solution to many equations by a simple substitution, which often reduces the equation to
an ordinary differential equation. The Hirota direct method lies within these two extremes. In
this chapter, we give an introduction to the Hirota method and we are going to discuss a linear
superposition principle applying to Hirota bilinear equations, which recently established by W. X.

Ma and others.

2.1 The Hirota D-Operators

Definition 2.1 Let S be the space of differentiable functions and M &€ N. Then the Hirota D-
operator D : § x S — S'is defined by [12]

[D;’ilD;”QZ...DmM]f.g

M
= (Opy — O0g,)"™ -+ (Ozp — arﬁM)an(xlv e x)g(d, 73,71\/[)‘:151:361,--- &N =T N
=0l OpM f(wr + E1,- o+ Ea)g(er — E1s T — EM)|dy=dpg =0, (2.1)
where ny, - -+ ,nys are arbitrary nonnegative integers and x1, - - - , x s are independent variables.

10



Let us list the following simple examples

D.f-g9=feg— [9s, (2.2)

DyDif - g = fatg — f29t — figa + [ Gat, (2.3)

D?cf'g:f:ca:g_2f:cgz+fg:cwv (2.4)

Dif g = fw:mcg - fa:acg:c + fxgaca; - fga:acma (2.5)
npog =S (qyk (™) 2T O

Def-9= kzo( Y (k) Dz(n—k) Dk 20

It is useful to notice that the formulae for the D-operators in terms of derivatives are almost the
same as those for normal derivatives of products. The only difference is that the signs in front of the
terms having an odd degree of derivatives on the second function is negative.

The following properties of the D-operators can be derived from Definition 2.1

DDy f-g=Dy"Dyf-g =Dy 'Di"Dyf - g, 2.7)

prpoa=2t (2.8)
ozx"

Dyf-g=(=1)"Dzg- [, 2.9)

DYf-f=0 if mnisodd, (2.10)

D,f-g=0 if fisscalar multiple of g, (2.11)

Dx(Da:fg)h+DI(D:chf)g+Dx(ngh)f:0 (2.12)

Remark 2.2 Writing D, f - g as [f, g], we see that the identity (2.12) can be written as the Jacobi

identity
[[f. g, bl + [[h. f1, 9] + [lg, W], f] =0, (2.13)
which indicates one connection between the D-operators and Lie algebras. A deep connection

between bilinear equations written in terms of the D-operators and Lie algebras was discovered by

Sato, Date, Kashiwara, Jimbo and Miwa [52]-[55].

11



Let a(x) and b(x) be two arbitrary differentiable functions in all orders in x, and ¢ be a parameter.

Then, by Taylor expansions of a(z + d) and b(x + §) with respect to J, we have

k=0 J= j!
S5 ()
- n=0 i=0 ¢ n!

Hence, we may define the D-operators by the exponential identity

ePea(z) - b(x) = %a(x + £) - b(x — £)|s—0 (2.14)

=a(x 4+ 6)b(xz — 9). (2.15)
For an exponential function, the relation
Dl'eP1® . eP2® — (p, _pz)ne(m-l-m)w (2.16)

holds, where p; and ps are real numbers. In the case of normal derivatives, we have

N (eP1TeP2T) = (py + po)ePrHP2)T, (2.17)
from which we obtain
b1 — P2
DI ePi® . eP2® = <7)8" eP1¥eP2?), (2.18)
* p1+ P2 4 )

Generally speaking, if P is a polynomial in D, --- , D,,,, then

P(p11 —pa1,-- ,p1m — P2mr)

P(Dy,, -+, Dy, )eM - e —
(D ou) P(p11 +pa21, - ,p1m + pamr)

POz, 5 0pyy €M™ (2.19)

y YT N

where 1; = pj1x1 + - - + pimxar, for i = 1, 2. This formula is useful in the expression for the two

soliton solution of the bilinear equation
P(DIU"' anM)f'f:O- (2.20)

In the next proposition, we formulate a very important identity, called the exchange formula
[12, 10], which is the most useful when deriving Backlund transformations, transformation between

solutions of a pair of differential equations, as will be seen in the third chapter of the dissertation.
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Proposition 2.3 [12] Let a,b,c, and d be differentiable functions in x, and let o, 3, and v be

arbitrary parameters. Then the following identity holds
D [#Peab] - [P d] = (TPl BDeg ] [elmor NP @21
In particular, we have

Prab - ed = (e‘SDIa . c> <€6Dzb . d) (2.22)
- (ewza : d) (ewwb : c>. (2.23)

The following formulae can be obtained by equating terms of the same order in § on both sides of

the above exchange formulae (2.22) and (2.23):

Dyab-c=azbc+ aD,b-c, (2.24)
D2ab - c¢d = bdD?a - ¢ + 2(Dya - ¢)(Dgb - d) + acD?b - d, (2.25)
D3ac-be = c*D3a-c+3(Dya-b)(Dyc-c), (2.26)
DePPa(x) - eP"b(z) = e*P*Da(x) - b(x), (2.27)

where p is a constant parameter. For more properties, details and generalization of the Hirota D-

operators the reader is referred to [12, 10, 56, 57].

2.2 Bilinearization of Nonlinear Partial Differential Equations

In this section, we discuss different types of transformations which map nonlinear PDEs into bi-
linear forms, which is the first step in the Hirota direct method. Then we consider some concrete

examples that will be discussed in details in the coming chapters.

Definition 2.4 We say that a nonlinear partial differential equation has a bilinear form if it can be
written in the form
n
N PrD)fi f;=0, m=1,-r, (2.28)
i,j=1
for some positive integers n,r and linear operators PgL (D). Here fi, are new dependent variables

and D is vector of the Hirota operators.
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Moreover, it is easy to prove the following proposition by using the properties of the D-operators in

the previous section.

Proposition 2.5 Let P be a polynomial in the Hirota operator D, and f, g are differentiable func-

tions. Then the following hold:

(a) P(D)f-g=P(-D)g-/, (2.29)
() P(D)f-1=P(d)f, (2.30)

(¢) ifP(D)a-a =0, where ais any nonzero constant, then P(0,--- ,0) =0. (2.31)

Remark 2.6 Since

M
[DytDyz - DM f - f =0 if Z m;  is an odd number. (2.32)
i=1

Hence, we may assume that P is even.

Next we present some examples to describe transformations from nonlinear PDEs to bilinear PDEs.

Example 2.1 Let us start from the KdV equation in its standard form,
U + 6uty + Ugpr = 0. (2.33)
The first transformation defined by

(2.34)

u =

b
is called a rational transformation. From (2.15) we can see the identity

(0Dz) )
50 [a e a
(Y- e rab 2.35
“ (b) cosh(0D,)b - b (233)

Expanding both sides of (2.35) with respect to the parameter ¢ and collecting terms in powers of 9,

we obtain the formulae which express derivatives of u = a/b in terms of the D-operators:

da Dga-b

— 2.

ox b b2 (2.36)
0> a D2a-b aD?-b

926 ©® b B 37
3 D3 . Dz . D2 .

0> a  Dja b_3 a-bD3;b b, (2.38)

Ox3b b2 b2 b2
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Setting © = G/ F and making use of the above formulae, The KdV equation may be written as

DG-F GD,G-F D?;G-F_?)DxG-FDgF-F_

—= . 2.39
F? + 6F F? + F? F? F? 0 (2.39)

Multiplying by F* on both sides and rearranging the terms, we get
[(D; + D3)G - FIF? + 3[D,G - F][2GF — D2F - F] = 0. (2.40)

Therefore, if we introduce an arbitrary function A, the above equation may be decoupled into the

bilinear form

(Dy+ D3)G - F =3\D,G - F, (2.41)

D2F . F — 2GF = \F?. (2.42)
An other kind of transformations is the logarithmic one:

u = 2(log f)zz- (2.43)

A fundamental formula related to this transformation is
0
2cosh(58—) log f(z) = log[cosh(dD,) f(x) - f(z)]. (2.44)
T

Expanding the above formula with respect to J and collecting terms in powers of §, we have

0? Dif-f
9? D,Dyf - f
2 1 =27 J 2.46
0! Dyf-f D3f-f\2
T R 3( E ) (2.47)
The KdV equation may be integrated to give
wy + 3w§ + Wypr = C, (2.48)

where u = w, and c is a constant of integration. Next, by using the dependent variable transforma-

tion
w = 2(log f)z, which is equivalent to u = 2(log f)zz- (2.49)
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From the above identities, the KdV equation gives

DyDyif - f Dif-f\2  Dif-f Dif-f\2
+ +3( - )+ - -3( - ) =e (2.50)
hence the bilinear form of the KdV equation is
D.(Dy+D3)f - f = cf> (2.51)

In the above expression, the operator D; + D? corresponds to the linear part of the KdV equation

O + 03.
Example 2.2 We consider the (3+1)-dimensional Jimbo-Miwa (JM) equation [54]
Uyt — Uggay — S(Uplly)z + 3z, = 0, (2.52)
Through the dependent variable transformation
u=2(log f)z, (2.53)

and integrating with respect to x, taking the constant of integration to be zero, then use the D-

operator properties, the JM equation gives

DyDif - f  DiDyf - f +3(D§f-f>(Dnyf-f) _3<D§f-f)<Dszf‘f>

f? f? f? f? f? f?
+3Dx[;22f'f =0. (2.54)
By Multiplying by f2, we get the bilinear form of the JM equation:
DyDif - f —D3D,f - f+3D.D.f- f=0. (2.55)

Example 2.3 We consider the following (3+1)-dimensional nonlinear equation:
(ut + 01 (B)Upgy + Baa(t)uzty)y + as(t)ury — aa(t)uz, + as(t) (ug + az(t)uy) =0, (2.56)

where «;, 1 < ¢ < b, are nonzero arbitrary analytic functions in ¢. When o; = 1 for 1 < ¢ <
5 a5 = 0 and x = y, the equation (2.56) is reduced to the KP equation, and so we call it a
generalized vcKP.

Through the dependent variable transformation

(In f)z, (2.57)



the above (3+1)-dimensional generalized vcKP equation is mapped into a Hirota bilinear equation
(1 (t)D3Dy + Dy Dy + a3(t) DDy — au(t) D) f - f =0, (2.58)
under the constraint:
a1 (t) = Coag(t)e I =Bt (2.59)

where Cjy # 0 is an arbitrary constant.

Indeed, by transformation (2.57) the vcKP equation (2.56) gives

a1 (t)(In f)zzzay + 6Coca(t)e™ f%(t)dt[(ln f)zz(In f)xy]w + (I f)tza

+az(t)(In figy — aa(t)(In f)g.. = 0. (2.60)

By integrating with respect to x and taking the constant of integration to be zero, we get

D3D,f - 3 D2f.f DyD,f - D2f.f D.D,f-
D.Dif - f DyDif - f Dif-f
+W Oég(t)% — ay(t) 2 =0, (2.61)

from which the equation (2.56) can be written in the bilinear form (2.58).

Example 2.4 This example will be the (2+1) Ablowitz-Kaup-Newell-Segur (AKNS) system with

variable coefficients [58]

1
pe+ a(t)(5pay — ap”) =0, (2.62a)
1
6 = at)(5dwy — Pa*) =0, (2.62b)
Under the following rational transformations,
g h
p=2, g=-, (2.63)
f f
the system (2.62) gives
Dyg - f a(t) Dnyg - f g Dnyf - f h92 .
R ( - ) —alt) 5 =0, (2.64a)
Dih-f  a(t) (DeDyh-f  hDyDyf-f h2g B
ik ( T ) +a(t) =0 (2.64b)
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From the above system, we can get the bilinear system for the system (2.62)

DuDy(f - f) + 2gh = 0, (2.65a)
(Dy + %a(t)Dny)g f=0, (2.65b)
(D, — %a(t)Dny)h f=0, (2.65¢)

2.3 The Hirota Direct Method

The Hirota direct method is a powerful tool for solving a wide class of nonlinear evolution equations.
In this method, nonlinear equations are first transformed into bilinear equations through dependent
variable transformations. These bilinear equations are then used to construct N-soliton solutions by
employing a perturbation method.

Consider the bilinearized KdV equation
D.(D; +D3f-f=0. (2.66)
Expand f with respect to a small parameter € to obtain
[e.e]
F=14 fae" (2.67)
n=1

Substituting the above expansion formulae of f into the bilinear equation and arranging it at each

order of €, we have

€:Dy(Dy+D3(fi-1+1-f1)=0, (2.68a)
€ :Dy(Di+ D3 (fo- 1+ fi- i+ 1 f2) =0, (2.68b)
¢ Dy(De+ DY) (f3- 1+ fo- fr+ fi- fa+1-f3) =0, (2.68¢)
€ Do(De+DY)(fa- 1+ fs-fi+ forfot Jrefs+1-f2) =0, (2.684)

Using (2.8), the equation of order e is equivalent to

d /0 o3
%(& + ﬁ)ﬁ —0. (2.69)
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The solution of the above linear differential equation (2.69) that describes a solitary wave (one-

soliton) is given by
fi=¢em, (2.70)

where 171 = ki + wit + 1Y, with a constant 7 and w (k1) = —k3.
Hence the one-soliton solution to the KdV equation (2.33) equation is given by
2

0
u(x,t) = 2@ log(1 + eklx_k%t), (2.71)

which coincides with the solution we computed in section (1.2).
To find the two-soliton solution, which describes the interaction of two single solitons, we choose

the solution to the linear differential equation (2.69) to be

Ji=eh +e”, (2.72)
where 7; = k;x + w;t + 1Y, with a constant 7 and w;(k;) = —k? for i = 1,2. The equation of
order €2 is

0,0 o ,
25 (57 + 55 ) fo = ~DalDi+ DI fi - fu. 2.73)

Substituting (2.72) into the right hand side of (2.73), we have, from the property of the D-operators
(2.19),

Do(Di + D3)f1 - fi = Dy(Dy + D3)(e™ + €™) - (e™ + ™)
= 2D,(Dy + D3)e™ .

= 2(ky — ko) [w1 — wa + (ky — ko)3lem T2, (2.74)
Equation (2.73) has a solution of the form
fo = arpem ™, (2.75)

where, using (2.19), the coefficient a2 is given by
 2(k1 — ko)w1 —wo + (k1 — k2)3]
2(]4:1 + k?g)[wl + wo + (kl + k2)3]

— (:1;2)2 (2.76)

a2 =
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Substitution the expression for f; and f5 given above into the linear differential equation of order

€3, we obtain
0 /0 03 3
2%(& + @)ffﬂ = —Dy(De+ Dy)(f2- fr+ fi- f2)

= —2ko(wy + k3)e2 M2 — 2k (wy + kI)em T2, (2.77)

The right hand side of the above equation is zero because of the nonlinear dispersion relation
wi(k;) = —k3 for i = 1,2. Hence we may choose f3 = 0. In the same way, we may choose

n = 0 for n > 4. Substitution f,, forn = 1,2, --- into the the perturbation expansion of f, we get
0 f > 4. Substituti f 1,2 i he the p bati pansion of g
f=1+¢€em+e7)+ apem e, (2.78)
Since each 7; is given by
mi = kiw + wit + 17, (2.79)
any positive € can be absorbed into the constants 7. Hence
2

)
u= QW log(1 4+ (e™ + €™) + ae™12) (2.80)
T

gives the two-soliton solution to the KdV equation (2.33). In a way similar to the above treatment

and writing
ai; = e, (2.81)

we obtain the following N-soliton solution to the bilinear KdV equation

I N (N)
F=> exp [Z pani + Y Az‘jﬂiﬂj} ; (2.82)
i=1 i<j
where the first sum Y. means a summation over all possible combinations of p1 = 0,1, 9 =
0,1,--- ,uny = 0,1, and the sum Zg]) means a summation over all possible pairs (i, j) chosen
from the set {1,2,--- , N}, with the condition that i < j.

We next consider a bilinear equation of the form

P(Dgy Dy )f - f =0, (2.83)
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where P is a polynomial in D,,,---,D,,, and satisfies the condition P(0) = 0. We call this

Y TN

kind of equations KdV-type bilinear equations. The distinguishing feature of a KdV-type bilinear

equation is that it has just one dependent variable f. Let us introduce the following vector notations,

D= (Dy,, - ,Dg,),

y My
X = (I’l,'“ 7xM)7

ki = (ki1, - kin)-
For all KdV-type bilinear equations,
PD)f - f=0, (2.84)

having N-soliton solutions, the N-soliton solutions f have the form (2.82), where

ni =k;-x+n, ndis constant (2.85)
P(k;) =0, (2.86)
and the phase shift a;; is given by
y Pk; —k;)
Ay — T\ A 2.87
a‘l] € P(kz + k]) Y ( )

provided that the following identity holds

! N (N)
> P(D riks) TT Ploik = piks)pin; =0, (2.88)
i=1 i<j
where the summation Y’ is taken over all possible combinations of p; = 0,1,--- , py = 0, 1. This

is called the Hirota condition [39]-[42],[59]-[61].

2.4 Hirota Bilinear Equations with Linear Subspaces of Solutions

We would, in this section, like to explore when Hirota bilinear equations can possess linear sub-
spaces of exponential traveling wave solutions. The involved exponential wave solutions may or
may not satisfy the corresponding dispersion relation. The theory will explore that Hirota bilinear
equations share some common characteristics with linear equations, which explains, to some extent,

why Hirota bilinear equations can be solved analytically. Based on the Hirota bilinear formulation,
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we will present a condition which is both sufficient and necessary for guaranteeing the applicability
of the linear superposition principle for exponential waves [62, 63].

Interestingly, multivariate polynomials whose zeros form a vector space can generate the desired
Hirota bilinear equations which possess given linear subspaces of solutions. However, it is still an
open question to us how to judge when a multivariate polynomial possesses one and only one real
zero point. The (3 + 1)-dimensional KP and BKP equations will be covered as special cases of the

computed illustrative examples. The contents of this section are from the references [62, 63].
2.4.1 Linear Superposition Principle
Let P be a polynomial in M variables satisfying
P(0,---,0)=0, (2.89)
which means that the constant term of P is zero. The corresponding Hirota bilinear equation reads
P(Dgyy-++ yDyy)f - f=0. (2.90)
Using Remark 2.6, we may assume that P is an even polynomial, i.e.,
P(—x1, - ,—xp) = P21, ,20). (2.91)
Let N € N be fixed and introduce the following N wave variables:
n = kinxr+ - +Fkiyrey, 1<i<N, (2.92)
and N exponential wave functions:
f; = el = eknmtthkiven ) < < N, (2.93)
where the k;;’s are all constants. Using the bilinear identity (2.19)
P(Dyy,- -+ Dyy)el € = P(ky — kg, ki — kagj)e™ ™, (2.94)

it follows directly from (2.89) that every exponential wave functions f;, 1 <7 < N, gives a solution
to the introduced Hirota bilinear equation (2.90).

Next, we consider a linear combination
N N
f=Y eifi=)Y ee, (2.95)
i=1 i=1
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where ¢; for 1 < ¢ < N are all arbitrary constants. A natural question here is when this linear
combination will still tell a solution to the Hirota bilinear equation (2.90).

To answer this question, we make the following computation by using (2.89), (2.91) and (2.94):

N
P(Dgy,-- Doy )f - f = Z €i€;P(Dyy, -+, Dy, )M - €M
i=1,j=1

N
= Z eigjP(kui — kg, kari — kagy)e™
i=1j=1

= Z gigj [Pk — kij, -+ 5 kns — ko)
1<i<j<N

+ P(kyj — ks - s kari — kagg))em ™™

= Z 28i8jp(l€1i—k‘1j,'-- ,k‘]\h—k]wj)e?7 M3,
1<i<j<N

This computation will play a key role in furnishing the linear superposition principle for the expo-
nential waves e, 1 < i < N.
It now follows that a linear combination function f defined by (2.95) solves the Hirota bilinear

equation (2.90) if and only if the condition of
Pk — kij, -+ Jkae —kvy) =0, 1<i<j<N, (2.96)

is satisfied. The condition (2.96) gives us a big system of nonlinear algebraic equations on the
wave related numbers k;;’s, as soon as the polynomial P is given. We will see that higher dimen-
sional cases have more opportunities for us to get solutions for the variables k;;’s, because there are
more parameters to be determined in the resulting system of algebraic equations (2.96). The above

analysis yields to the following criterion for the linear superposition principle.

Theorem 2.7 [63] Let P(x1,-- - ,xar) be an even polynomial which satisfies P(0, - -- ,0) = 0 and
the N wave variables n;, 1 <1 < N, be defined by n; = kj1x1+ - -+ kipvpxns, 1 <1 < N, where
the k;;’s are all constants. Then any linear combination of €, 1 < ¢ < N, solves the Hirota

bilinear equation P(Dy,,--- ,Dy,,)f - f = 0if and only if the following condition holds:
P(ky; — k1j, -+ kv —kuy) =0, 1 <i<j < N.

23



This theorem informs us exactly when a linear superposition of exponential wave solutions can still
solve a given Hirota bilinear equation, and it describes the interrelation between Hirota bilinear
equations and the linear superposition principle for exponential waves. It also paves a way of con-
structing N-wave solutions to Hirota bilinear equations. The system (2.96) actually is a resonance
condition we need to handle (see [64] for resonance of 2-solitons). Once we obtain a solution of the
wave related numbers k;;’s by solving the algebriac system (2.96), we can tell an N-wave solution,
formed by (2.95), to the considered Hirota bilinear equation.

Next we list two (3+1)-dimensional examples with (3+1)-dimensional variables:
1 = kix + Ly +miz +wit, 1 <i <N, 2.97)

in order to present a working idea about what kind of related numbers could exist. More general

examples will be created later in Subsection 2.4.2.
Example 2.5 Let P = P(z,y, z,t) be the following polynomial

P(z,y,2,t) = 23y — to + ty — 2°. (2.98)
The corresponding required condition (2.96) now is

P(k:i—k:j,l,-—lj,mi—mj,wi—wj) (299)
=k}l — Kl — 3k7k;li + 3k kjl; + 3kikli — 3kik3l; — K3l + K31 + wils (2.100)

— wil]’ — U.lei + wjlj — wik; + wikj + iji — ijj — m? + 2mimj — mJQ =0, (2.101)

and the resulting Hirota bilinear equation becomes
(D:D, — D;D, + DD, — D3)f - f =0, (2.102)
namely,
(Fawzy = fra + fry = fo2) [ = 3foay fo + 3fuyfow — Fyfoze + fifo — fefy + [2 = 0. (2.103)
Under the transformation v = (log f), this equation is mapped into

Uzzay + 3(Uplly)z — Uy + Uy — Uz = 0. (2.104)
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Based on the linear superposition principle for exponential waves in Theorem 2.7, solving the above
system on the wave related numbers tells an N-wave solution to the nonlinear equation (2.104):

N N
u = 2(10g f)a?a f — Zezfl — Z eiekm—(1/3)a2kiy+akfz—4[a2/(a2+3)}k?t7 (2105)

i=1 i=1
where the ¢;’s and k;’s are all arbitrary constants. Each exponential wave f; in the solution f satisfies

the corresponding nonlinear dispersion relation, i.e., we have
P(ki,li,mi,w;) =0, 1 <i<N. (2.106)
Example 2.6 Let P be the following polynomial
P(z,y,2,t) = ty — 23y + 32% + 322 (2.107)

The corresponding required condition (2.96) now is

P(ki—k:j,li—lj,mi—mj,wi—wj) (2108)
= wili — wily — wjli + wily — K}l + K1 + 3k7k;l; — 3k7 kjl; — 3kik3l; (2.109)
+ 3kik3l + k3l — K3 + 3m — 6mymy + 3m3 + 3k7 — 6k;k; + 3k = 0, (2.110)

and the resulting Hirota bilinear equation becomes
(DyD, — DD, +3D2 +3D?)f - f =0, (2.111)
namely,

(fty - fac:my + Sf:m + 3fzz)f - ftfy + fyfac;tw + 3faca;yfx - 3f$yfacac - 3f§ - SfZQ = 0-(2-112)

Under the transformation v = (log f), this equation is mapped into
Uty — Upgay — S(Ugly)r + gy + 3., = 0. (2.113)

Based on the linear superposition principle for exponential waves in Theorem 2.7, solving the
above system on the wave related numbers engenders an N-wave solution to the nonlinear equa-
tion (2.113):

N

N
u=200g o, f=Y cifi= Y ek (rahTyrakizide (2.114)
i=1 i=1
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where the €;’s and k;’s are all arbitrary constants. However, each exponential wave f; in the solution

f doesn’t satisfy the corresponding nonlinear dispersion relation, i.e., we have

It is also direct to prove that
P(D., Dy, D., D) (e f) - (e"g) (2.116)
= STP(Dy 4 ky — kg, Dy + 1y — la, D, +my —ma, Dy — wy +wa)f - g, (2.117)

where & = kix + lyy + m1z — wit, n = kox + lay + maoz — wot, and P is a polynomial in the

indicated variables. Taking
§=mn=mno = kox + loy + moz — wot,
the above identity yields
P(Dy, Dy, D, D;)(e™f) - (eg) = ™ P(D,, Dy, D,,D;)f - g. (2.118)

Therefore, we can get a new class of multiple exponential wave solutions by f' = e f, where
f is an original multiple exponential wave solution like any one in (2.105) and (2.114); and such
solutions form a new linear subspace of solutions and thus there exist infinitely many subspaces of
solutions.

2.4.2 Bilinear Equations with Given Linear Subspaces of Solutions

Taking one of the wave variables 7;, 1 <3 < N, to be a constant, say, taking
Nig = €igy 1.6, kjip =0, 1 <j < M, (2.119)

where 1 < ig < N is fixed, the N-wave solution condition (2.96) requires that all other wave related

numbers have to satisfy the dispersion relation of the Hirota bilinear equation (2.90):
P(kyiy -+ kari) =0, 1 <i <N, i#ip. (2.120)

The resulting solution presents a specific class of N-soliton solutions by the Hirota perturbation

technique, truncated at the second-order perturbation term.

26



Combining the dispersion relation (2.120) with the N-wave solution condition (2.96) leads to the
following sufficient condition on P for the corresponding Hirota bilinear equation (2.90) to satisfy

the linear superposition principle for exponential waves:
Pk)=P1) =0 = Pk-1)=0, (2.121)

where k and 1 are two M dimensional vectors. Let us list a property of zeros of such multivariate

polynomials as follows.

Lemma 2.8 [63] Let P(x1,--- ,xpr) be a real (or complex) multivariate polynomial (which could

contain terms of both even and odd degree). Suppose P has at least one zero and satisfies that if
P(k)=P(1) =0, then P(k—1) =0.
Then all zeros of the polynomial P form a real (or complex) vector space.

Given an n-dimensional linear subspace V,, of RM , let us introduce a constant matrix A =

(asj) s of rank n for any M’ € N such that the solution space of a linear system:

Ax =0, x = (w1, ,zar)7, (2.122)
defines the n-dimensional subspace V,,. Let Q(y1, - - - ,ynr) be a multivariate polynomial in y =
(y1,- - ,yMr)T and posses only one zero: y = yg. Then

P(z1,--- au) = Q((Ax + yo)") (2.123)

presents a multivariate polynomial which obviously satisfies the property (2.121), and the resulting

Hirota bilinear equation possesses the linear subspace of exponential wave solutions determined by

N
f=) eebimtothwm N>, (2.124)
i=1
where A(k1; —kij, -+, kari — ij)T =0, 1 <i# j < N, and the ¢;’s are all arbitrary constants.

While generating illastrative examples of such Hirota bilinear equations, one remaining question is
how to determine if a multivariate polynomial has one and only one real zero point. This is a more
difficult problem than Hilbert’s 17th problem.

Now we list what we have analyzed in the following theorem.
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Theorem 2.9 [63] Let M, M',n € N, and A = (a;;) p' M be a constant matrix of rank n. Suppose
that Q(y1,- - ,ynr ) be a multivariate polynomial iny = (yy,--- ,yu)? and posses only one real

zero: 'y = yo. Then the zeros of the multivariate polynomial
P(ay,xy) = Q((Ax +yo)T), x = (21, o))" (2.125)
form an n-dimensional linear subspace, and the corresponding Hirota bilinear equation

P(Dyy,++ Dy )f - f = QUADx +y0)')f - f=0 (2.126)

possesses a linear subspace of solutions determined by

N
f=)gebimtothnn N>, (2.127)
i=1
where A(k1i—kij, -+ kni—kaj)T =0, 1 <i# j < N,andthe ¢;’s are all arbitrary constants.

In what follows, we present two illustrative examples to shed light on the algorithm in Theorem

2.9.
Example 2.7  This example has

, 0 -1 0 0 1 .
Q(y1,v2) = yi +¥2, Yo = , A= cx= (20T, (2.128)
0 0 120

Then the associated multivariate polynomial reads
P(z,y,z,t) = 22 — 2t + t2 + % + dyz + 422, (2.129)
and the corresponding Hirota bilinear equation is defined by
(D2 — 2Dy Dy + D} + D, 4+ 4Dy D, +4D2)f - f = 0. (2.130)

This bilinear equation possesses the linear subspace of solutions given by

N N
f — E Eifi — 6k02+l0y+m027w0t § Eiefwifomiermiszit’ N > 1’ (2131)
i=1 i=1

where the ¢;’s, m;’s and w;’s are all arbitrary constants but kg, lo, mg and x( are arbitrary fixed
constants. Evidently, all exponential waves f; in the solution f satisfy the corresponding nonlinear
dispersion relation iff the wave function eFo?+loy+moz—wot satisfies the corresponding nonlinear

dispersion relation.
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Example 2.8  This example has

1 010 —1
Qy1,y2) = (1 + 1)* + 43, yo = L A=  x = (z,y,2,t)7.(2.132)
0 102 1

Then the associated multivariate polynomial reads

P(x,y,z,t) =y — 2yt + 25t% + 2t + 832 + 4tad + 242222 (2.133)

+ 24t2%z + 6t%a% + 32223 + 48tx2?,
and the corresponding Hirota bilinear equation is given by

(D2 — 2Dy Dy + 25D} + Dy +8D3D., + 4D3D, (2.134)

+24D2D? + 24Dy D2 D, + 6D2D? + 32D, D3 + 48D, D;D?)f - f = 0. (2.135)
This bilinear equation possesses the linear subspace of solutions determined by

N N
f — Z eifi — 6k0x+loy+m027th Z eie(wi72mi)x*wiy+miszit7 N > 1, (2136)
i=1 i=1

where the ¢€;’s, m;’s and w;’s are all arbitrary constants but kg, lg, mo and x¢ are arbitrary fixed
constants. Evidently, all exponential wave f; in the solution f satisfy the corresponding nonlinear
dispersion relation iff the wave function eFoz+loy+moz—wot catisfies the corresponding nonlinear

dispersion relation.
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Chapter 3

Wronskian and Pfaffian Solutions to (3+1)-Dimensional Generalized Soliton Equations of KP

Type

Wronskian and Pfaffian formulations are a common feature for soliton equations, and lead to a
powerful tool to construct exact solutions to soliton equations [15]-[21]. The techniques have been
applied to many soliton equations such as the KdV, MKdN, NLS, KP, BKP and sin-Gordon equa-
tions. Within Wronskian and Pfaffian formulations, solitons are usually expressed as some kind
of logarithmic derivatives of Wronskian type and Pfaffian type determinants and the determinants
involved are made of eigenfunctions satisfying linear partial differential equations. This connection
between nonlinear problems and linear ones utilizes linear theories in solving soliton equations.

In this chapter, we would like to study Pfaffians, their relation with determinants, Pfaffian expan-
sion formulae and Pfaffian identities. Then Wronskian and Pfaffian solutions will be formulated
for a (3+1)-dimensional generalized KP equation with variable coefficients. In order to verify our
results we will follow the following procedures: transform a nonlinear partial differential equation
into a bilinear form, then rewrite the bilinear equation using Wronskians and Pfaffians, and finally
confirm that the bilinear equation is nothing but Pfaffian identities.

In the third section, the (3+1)-dimensional generalized KP equation will be extended to a system
of nonlinear partial differential equations. This procedure is called Pfaffianization [65]. Wronski-
type and Gramm-type Pfaffian solutions of the resulting Pfaffianized system will be constructed.
Two kinds of Pfaffian identities are the basis of our analysis.

In the last section, we will consider the constant coefficients case of the considered (3+1)-
dimensional generalized KP equation. A bilinear Béacklund Transformation will be presented for
a (3+1)-dimensional generalized KP equation, which consists of six bilinear equations and involves
nine arbitrary parameters. Two classes of exponential and rational traveling wave solutions with
arbitrary wave numbers are computed, based on the proposed bilinear Biacklund transformation

[12, 67, 66].
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3.1 Pfaffians

The determinant of a skew-symmetric matrix A = det(aij)lgi,jgm can always be written as the

square of a polynomial in the matrix entries [69]. This polynomial is called the Pfaffian of the

matrix, denoted by P f(A), The term Pfaffian was introduced by Cayley (1852) who named it after

Johann Friedrich Pfaff [70]. The Pfaffian is nonvanishing only for 2n x 2n skew-symmetric matrices,

in which case it is a polynomial of degree n.

We are going to use the following notation for a Pfaffian of order n

For example, forn = 1,

0 ar
9 _ 2
= Q19 = (17 2) 3
—ai2 0
0 a2 a3 a4
—ai2 0 a3 a4

9 _ 2
= (a12a34 — a13a24 + a14a23)” = (1,2, 3,4).
—a13  —ao3 0 ass

—a14 —a24 —azy O

Therefore, a second-order Pfaffian given by (1,2, 3,4) is expanded as

(1,2,3,4) = (1,2)(3,4) — (1,3)(2,4) + (1,4)(2, 3),

where (j, k) = a;j for j < k. It should be noted that from the skew-symmetric property ay; =

we have

In general, a Pfaffian (1,2, --- ,2n) can be expanded as

(1,2,---,2n) = (1,2)(3,4,--- ,2n) — (1,3)(2,4,5,--- ,2n)

+(1,4)(2,3,5,--- ,2n) —--- 4+ (1,2n)(2,3,--- ,2n — 1)

2n
= Z(_l)j<17])(2’37 e 757 e ,27’L),
=2
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where j means that index j is omitted. Repeating the expansion (3.5), we arrive at the summation
of products of first-order Pfaffians [68]:

!/

(1,2, ,2n) = > (=1)"(j1, j2) (3, Ja) (s Js) - - (Jan—1, Jon), (3.6)
-

where the sum notation Y_» means the sum over all possible combinations of pairs selected from

{1,2,---,2n} which satisfy
J1<J2, 73 <Ja, J5 < J6, "+ s J2n—1 < Jom,

J1 <Js <Js <+ <Jon-1,

and (—1)P has the value 1 or —1 if the sequence ji, j2,- - - ,j2n 1S an even or odd permutation

respectively.

3.1.1 Pfaffian Expression for General Determinants and Wronskians

We have already defined the Pfaffian through the determinant of a 2n x 2n skew-symmetric matrix.

Conversely, an nth-order determinant,
B = det(bjr)1<jk<n, 3.7)
can be expressed as an nth-order Pfaffian,
B=(1,2,---,n,n", - 2% 17%), (3.3)
where the Pfaffian entries (j, k), (%, k), (j, k*) are defined by
(k) =0, (%K) =0, (4,k) = bj. 3.9)

For example, if n = 2, we have

bi1 b
TR (1,2,2¢,1%) (3.10)
bo1 b2
Now let us consider an nth-order Wronskian determinant W( f1, f2, - - - , f,,) which is defined by

7 —1

W(fhf?v"' afn) Edet( 0

dzi—1 i)lgi,jgn' G-11)
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It can be expressed as an nth-order Pfaffian [48]:

W(fl?f?)"' 7fn) = (dOad17d27'“ 7dn71an7"' 737271)> (312)

where the Pfaffian entries (4, j), (dk, 1), and (d, d;) are defined by
(i) =0, (i) = £, (drdi) =0, (3.13)

fori,j =1,2,--- ,nand k,l =0,1,--- ,n—1,and fi(k) stands for the k-th derivative of f; with
respect to x.

For example, if n = 2, we have

0) 1)
1 1

© L) = (do,d1,2,1) (3.14)
2 f2
= —(do,2)(d1, 1) + (do, 1)(d1,2) (3.15)
=10 - BV Y. (3.16)

3.1.2 Pfaffian Expression of Jacobi Identities for Determinants
The Jacobi identity for determinants is stated in the following proposition [71]

Proposition 3.1 [10] Let D be the determinant of the nth-order matrix A. Then
DD =D D - D D , 1< g, k<, (3.17)
k

where

i
D is obtained by eliminating jth row and kth column from D, and

P
D J is obtained by eliminating the ith and jth rows and the kth and lth columns from the
k1l

determinant D.
For example, take n =3 andi =k =1, j =1 = 2, we get

ail a2 a3

a2 423 a1l a3 a1 a23 ai2 a3
a1 Q22 Qa3 ’ as3 ‘:
aszz (33 asy as3s asp ass aszz 33
as; a3z ass
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Employing the Pfaffian expressions given in the previous subsection, the terms of the Jacobi identity

(3.17) can be expressed by

D = (1727 ,n,n*,--- 72*71*) (318)
1 R .

D :(1727"'7i7"'7nan*7"'7k*7"'72*71*) (319)
k
i J . . - "

D :(1>27"'7’L’"'a]>"'7n7n*7"'7k*7"'7l*7"'a2*71*)a (320)
k1

where the Pfaffian entries are defined by the same way as in (3.9). For more details and the proof
for the Jacobi identity in its determinant and Pfaffian forms, the reader is referred to [10] and [72],

respectively.

3.1.3 Pfaffian Identities and Expansion Formulae

In [73], Y. Ohta introduced a simple proof to the following identity
M .
Z(_l)j(b(hbl) e 7bj7 e abM)(bjyc()aCl’ e 7CN)

N
= Z(—l)k(bovblw“ ybars eg)(cose1y vy Gy en),s (3.2

which can be proved by using expansion formula (3.5). Expanding the second Pfaffian on the left
hand side with respect to b; and expanding the first Pfaffian on the right hand side with respect to

cr, wWe obtain

M N
Z(_l)jZ(_l)k(b(]abla >lA)j>"' 7bM)(bjaCk‘)(COacla"' aék‘7"' 7CN)

The above equality is easily obtained by interchanging the sums over j and k.
In order to get Pfaffian identities, let us take the following two special cases.

Case I:
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Taking M = 2n, N = 2n + 2m — 2 (m is odd) and the characters b;, ¢, as follows
bo=ai, by =1,by=2,-- by = bap, = 2n,
Co = az, C1 = as, C2 = a4, ,C2m—-2 = UA2m,
Com—1 =1, Cam =2, Com41 =3, ,CN = Conjom—2 = 21,
we get the following Pfaffian identity
(1727"' ,2n)(0/1,0/2,"' >a2m7172>"' 72n)
2m
= Z(—l)s(al,as,1,2,--- ,2n)(ag,as, -+ ,as,  ,Qam, 1,2, ,2n).
s=2
For example, in the case m = 2, the identity (3.23) can be written as
(17 2, ,271)((11, az, a3, a4,1,2,- - 72n)
- (Ql,QQ, 17 27 e 72n)(a37 a4, 17 27 e ,2?’&)
_(ah ag, - - ,2”)(&2,&4, 17 27 Tt 7277‘)
+(CL1, Aq, -, 2”)(0“27(13) 17 27 et ,271)

Case II:
Taking M = 2n — 2, N = 2n+ m — 1 (m is odd) and the characters b;, c;, as follows

bo=1,01=2,b0=3,--- ,bps =bop_2=2n — 1,

Co = a1, €1 = a2, C2 =0as, " ,Cam—1 = Um,

cm=1,cnt1 =2, Cm42=3, -+ ,CN = Contm—1 = 2n,
we get the following Pfaffian identity

(1 2n)(a1,a2,--~,am,1,2,---,2n—1)

For example, in the case m = 3, the identity (3.24) can be written as
(1,2,---,2n)(a1,az,a3,1,2,--+ ,2n — 1)
= (a1,1,2,---,2n)(az,as,1,2,--- ,2n)
—(ag, -+ ,2n)(a1,a3,1,2,--- ,2n)
+(as, - ,2n)(ay,a2,1,2,--- ,2n).
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j=1
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The above identities will play a crucial role in our studying the vcKP and JM equations, and we will
prove that the bilinear forms of those equations are nothing but Pfaffian identities.
In order to find the derivative formulae for Pfaffians, we need the following expansion formulae

for Pfaffians [48]:

Proposition 3.2 [48] If (a1, az) = 0, then the Pfaffian (a1, az2,1,2,--- ,2n) can be extended in two

different ways:

(i) (a17a271727"' ,271) = Z (_1)j+k71(a17a27j7k)

1<5j<k<2n
X(1727"'737"'7]A€7"'72n)7 (325)
2n ‘
(i) (a1,02,1,2,-+,2n) = > (=1)[(a1,a2,1,5)(2,3,-++ ,j,--- ,2n)
j=2
+(17j)(a17a272737"' 757"' 7277’)] (326)

Proof :[48] To prove identity (3.25), expanding the Pfaffian (a1, a2,1,2,-- ,2n) with respect to

a1 and then with respect to as, we get

2n 2n
(a1,a2,1,2, 72")222 )74%(ay, i) (ag, k) (1,2, -+ ,J, -+, ky -+, 2n)
7j=1 k=1

= Z (=17 *[(a1, ) (ag, k) — (a1, k)(az, )]
1<j<k<2n

X(1,2,-",5,"',]€,"',27’L>-

By the condition (a1, a2) = 0, we see that the right hand side of the last equality is equivalent to the
right hand side of (3.25).
To prove the second expansion formula (3.26), we expand the Pfaffian (a1, a9,1,2, -+ ,2n) with

respect to 1, and then we get the following

(a17a27 ]-727 T ,27’l) = (1,&1)(@2,2, e 72n) - (1,&2)(&1,2, e ,271)
2n

+ Z(_l)j(l’j)(alaa272737 Tt 757 T 72n)
j=2
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Next, we expand the Pfaffians (a;,2,3, -+ ,2n) and (a2,2,3,--- ,2n) to get

2n
(a17a27172>" 1&1 Z a‘27 737"'757"'7271)
Jj=
2n A
- (1,(12) (_1)](a17j)(2737"' 7j7"' ,27’L)
=2
2n ‘
+Z(_l)j(lﬁj)(alaa2v273a"' 7j)"' ,2’/1).
=2

Using the condition (a1, az) = 0, the right hand side of the above equality will be

2n
Z(_l)j[(a17a27 17])(27 37 e 737 e ,2”) + (luj)<a17 az, 27 37 T 757 e ,277,)], (327)
j=2

which is the right hand side of (3.25). g

Replacing the Pfaffian (1,2,--- ,2n) by (b1, b, - - -, 2n), the first expansion formula (3.25) can
be generalized to the following

2n 2n

(a17a27b17b271727"' Z Z j+k—1(a17a27j7k)
=1 k=j5+1

X (blab271>27"' 757"'3

x>

., 2n), (3.28)
where (a;,b;) = 0forj,k =1,2.

Lemma 3.3 [10] If the x-derivative of a Pfaffian entry (i, j) is expressed as follows

o . . ..

%(l’j) = (a07b0717j)7 (a()ubO) - 07 (329)
then (3.30)
0

%(LQa ,27’L) = (a0>b071323"' a2n) (331)

Proof :[10] We proceed by induction. For n = 1, the statement is true by assumption (3.29).

Assume that (3.31) is true for n — 1. Then

o o 2n -
oo (L2, 2n) = o= 3 (=1L G)(2,8, 0 g, 2n)
j=1



Using the condition (3.29) and the induction assumption, the right hand side of the above equality

equals to
2n 4
Z(_l)jil[(a()’ bO? 17])(27 37 Tt 7j7 ) 2TL)
j=1
+ (iaj)(a07b0a253a e 757 e ,271) - (QOab(]a 1727 o 72n)7
where the last equality is by the expansion formula (3.26). (Il
In the next lemma, we are going to give a derivative of the Pfaffian (ag, by, 1,2, - - - , 2n) with respect

to another variable y.

Lemma 3.4 [10] If the y-derivative of a Pfaffian entry (i, j) and the Pfaffian (ag,bo,1,j) can be

expressed as follows

o, . . .
aiy(lv.]) = (CLl,bl,Z,]), (3323)
0 . . ..
a—y(ao,bo,z,J) = (a2, bo, ,7) + (ao, b2, 1, j), (3.32b)
then

0

ai(a()ab()?]wzu"' 7277’) = (a27bO71727”' 7277’) + (a07b271727'” 72n)

Yy

+(a07b07a’17b171727'” )Qn)a (333)
where (a;,a;) = (a;,bj) = (b, b;) =0fori,j =0,1,2.

Proof :[10] Using the expansion formula (3.25), we have

0 " 0
7((10,()0,1,2,"' ,271) = Z (_1)Z+]71 7((10,()0,2-,]-)
82/ 1<i<j<2n ay
X(172"" a,zv"' a;a"' 72n)+(a03b07iaj)
0 . .
X@(l,2,"',i,"',j,"',271)]. (334)

Using the condition (3.32) and Lemma 3.4, we have

0 i . .
@(ao,h071>27"' 72”) = Z (_1)Z+] 1{[(&2,b0,l,])+(G0,b2,l,j)]
1<i<5<2n

X(1727"' 7%7"' s Ty 72n)+(a07b07i7j>

x(al,bl,1,2,---,z,-.~,3,--.,2n)}. (3.35)
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Finally, by the expansion formulae (3.25) and (3.28), we can see that the right hand side of the last

equality equals to the right hand side of (3.33), which completes the proof. U

3.2 Determinant Solutions for a (3+1)-Dimensional Generalized KP Equation with Variable

Coefficients

Recently, Wronskian and Grammian solutions, nonsingular and singular soliton solutions and a

Bécklund transformation in bilinear form to a (3+1)-dimentional generalized KP equation
Ugzzy + 3(uzuy)x + Uty + Uty — Uzz = 0

has been presented in [21],[74] and [66], respectively. This equation can be written in the Hirota
bilinear form and reduced to the KP equation if taking y = =z, but does not belong to a class of
generalized KP and Boussinesq equations [76]

M
(Ugyzy2q — OUUL, )2y + E ijUgz; = 0, a;; = constant, M € N.
,7=1

In this section, we would like to consider the following generalized KP equation with variable

coefficients (vcKP):
(ur + 01 () Ugay + 3aa(t)uzty)s + ag(t)uy — ca(t)uzs + a5 (t) (uy + az(t)uy) =0,

where «;,7 = 1,2, 3,4, 5, are nonzero arbitrary analytic functions in ¢ . Under a certain constraint,
we will show that this generalized vcKP equation has a class of Wronskian solutions and a class of
Grammian solutions, with all generating functions for matrix entries satisfying a linear system of
partial differential equations. The Pliicker relation and the Jacobi identity for determinants are the

tools to establish the corresponding Wronskian and Grammian formulations .

3.2.1 Wronskian Formulation

Let us introduce the following helpful notation

|ij\_ iy, ,ij] = 190 e ... eN=i=D ¢l) ... )|

= det(®@, oM ... oW1 ) ... o)) 1<j<N -1, (3.36)
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where i1, - - - ,i; are non-negative integers, and the vectors of functions () are defined by

G _ 9

G) — (@ LG o LUNT ]
(I) - (¢1 a¢2 ’ >¢N) i ¢Z - 6x]¢l (337)
A Wronskian determinant is given by
W(g1, g2, o) = N —1|. (3.38)

We also use the assumption for convenience that if i < 0, the column vector (") does not appear in

the determinant det(--- , ®®) ...).

We consider the following (3+1)-dimensional nonlinear equation:
(ue + a1 (D) Ugey + 3a2(t)uzty)e + az(t)uy — as(t)uz, + as(t)(ue + az(t)uy) =0, (3.39)

where o;,7 = 1,2,3,4,5, are nonzero arbitrary analytic functions in ¢. When a; = 1 for ¢ =
1,2,3,4,a5 = 0 and = = y, the equation (3.39) is reduced to the KP equation, and so we call it a
generalized vcKP equation. The KP equation was also generalized by constructing decomposition
of (2+1)-dimensional equations into (1+1)-dimensional equations [75].

Through the dependent variable transformation

(65} (t
a9 (t)

~—

u=2 (In f)g, (3.40)

the above (3+1)-dimensional generalized vcKP equation is mapped into a Hirota bilinear equation
(a1(t)D2Dy + DyDy + as(t)DiDy — au(t)D2)f - f =0, (3.41)

under the constraint:

al(t) = Coag(t)eifo%(t)dt, (3.42)

where Cp # 0 is an arbitrary constant and D,, Dy, D, and D; are Hirota bilinear differential
operators [10, 12].

Equivalently, we have

(041 (t)fxmzy + ftz + 043(t)fty - 044(t)fzz)f - 3a1(t)fx:pyfx + 3041(t)f:ryf:m

—1 () fy fazw — [ifo — az(t) frfy + aa(t)(f)? = 0. (3.43)
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In the next theorem, we would like to present a system of three linear partial differential equa-
tions for which the INV-th order Wronskian determinant solves the generalized Hirota bilinear vcKP

equation (3.41).

Theorem 3.5 Let a set of functions ¢; = ¢;(x,y, z, t) satisfy the following linear partial differential

equations:

a2a4( )

(Z)i,y ¢z Ty ¢i,z = a¢i,xma d)z',t = 6(t)¢i,.’21'$7 (3.44)

3y (t)

with1l <i < N, and
B(t) = da’a (t)ay(t)
~ 3ay(t) — a2as(t)a(t)’

where a is an arbitrary nonzero constant, =2 is an arbitrary constant and 7() does not equal to

the constant % for all values of t. Then the Wronskian determinant fn = |N — 1| defined by (3.38)

solves the (3+1)-dimensional generalized bilinear vcKP equation (3.41).

Proof: Using the following equality and (3.44)

d'a;
Z |A|lk - Z A’Lj aalja

i,7=1

where A = (a;;)Nxn , and |A|;; denotes the determinant resulting from |A| with its kth column
differentiated / times with respect to x, whereas A;; denotes the co-factor of a;;, we can com-
pute various derivatives of the Wronskian determinant fy = |N — 1| with respect to the variables

x,Y, 2,1t

fN,x: |N_27N|a
fN,zx: |]7*\3,N*1,N|+|]\7/*\2,N+1|,
fyase =N —4,N=2,N~1,N|+2|N =3,N — 1, N+ 1| +|N —2,N +2],

alay(t) ——

3ai(t)

fN,y: ‘N 2N‘
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aay(t) , —— —
= — N-3 N—-1 N N—-2 N+1
fN,my 30(1(t) (| ’ ’ |+| ’ + ‘)7
alay(t)  —— — —
INazy = S (t) 0 (IN—4,N—-2,N—-1,N|+2|N—-3,N—1,N+1|+|N —2,N +2|),
a1

s L a’ay(t)
N,zxxy — 30&1(t)

(IN=5,N—3,N—2,N—1,N|+3|N—4,N -2 N—1,N +1]

+2[N—3,N,N+1|+3|N—3,N—1,N+2|+|N —2,N +3|),
fn:=a(N=2,N+1]~|N=3,N - 1,NJ),
Free=a*(—|[N—4,N—2N—1,N+1/+2[N—3,N,N+1|+|N —2,N + 3|

+|N-5,N-3,N—2N—1,N|—|N—3,N-1,N+2)),
fvi=BH)(N—-4,N—-2 N—1,N|—|[N—3,N—1,N+1|+|N —2,N+2)),
Friw=BBO(N—-5,N—3N—2,N—1,N|—|N—3,N,N+1|+|N —2,N +3|),

a*as(t)B(t) v
— Gl (N TE N -3, N-2,N-1,N
fN,ty 3a1(t) (| 57 37 ) ) ’

—|IN=3,N,N+1|+|N—2,N +3|).

{ In computing the derivative fy s, we have used the condition that Z—‘ll is an arbitrary constant}.
In the above expressions, the column ®(N =) does not appear if N < 5, as we assumed before since

N — 5 < 0. Therefore, we can now compute that

al(t)fN,a:a:J:y + fN,tx + a3(t)fN,ty - a4(t)fN7zz = —4a2044(t)‘]7-—\3, N, N + 1’,
—3a1(t) fNzay SNz — 1 () Ny N zes — INtNz —a3(t) Nt fNy =
da’as(t)|N —2,N||[N —3,N —1,N + 1],

Bal(t)fN,xny,xz + a4(t)(fN,z)2 = —4@20[4(t)|N - 37N - ]-7N”N - 27N + 1|)
Furthermore, we obtain that

(a1 (t)D3Dy + DiDy + a3(t) DDy — au(t)D2) f -

= 2(a1(t) fNpzwy + [Nge + a3(t) [Ny — aa(t) fnz2) v — 1 (8) (6N ,zey [N«
6N oy [N zx + 20Ny N zxx) — 2N SN — 203() e fny + 204(t) (Fiz)?

= —8a%as(t)([N —1||[N —=3,N,N+1| — |N —2,N||[N = 3,N — 1, N + 1|

+|IN=3,N—1,N||N —2,N +1|) = 0.
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This last equality is nothing but the Pliicker relation for determinants:

|B7A17A2||B3A33A4| - |B>A17A3||B7A27A4| + |BvA17A4||BvA27A3| =0,

where B denotes an N x (N — 2) matrix, and A;, 1 < i < 4, are four N-dimensional column
vectors. Therefore, we have shown that f = fx solves the (3+1)-dimensional generalized Hirota
bilinear vcKP equation (3.41), under the condition (3.44). ]

The condition (3.44) is a linear system of partial differential equations. It has an exponential-type

function solution:

u 2
ij a a4(t) 5 5
where
h(t) = / B(t)dt (3.46)

and d;;, k;; are free parameters and p is an arbitrary natural number.

3.2.2 Grammian Formulation

Let us now introduce the following Grammian determinant
xT
v = det(aij)1§¢7j§N, Qi = Cij + / ¢Z¢j dzx, C;; = constant, (3.47)

with ¢; and 1); satisfying

- __dou(t) e ad o . :
¢z,y = - 3a1(t) ¢z,z; ¢z,z = a¢z,zz7 ¢z,t = 6(t)¢z,$x:c7 1<i <N, (3.48)
- __dlou(t) N o , :
wz,y = - 30 (t) wz,za wz,z = _awz,mwv sz,t = B(t)wz,zaxv, 1<4i< N7 (3.49)

where 3, a1, as, a4 and a are as in Theorem 3.5.

Theorem 3.6 Let ¢; and 1); satisfy (3.48) and (3.49), respectively. Then the Grammian determi-
nant fy = det(aij)lgi’jSN defined by (3.47) solves the (3+1)-dimensional generalized bilinear

vcKP equation (3.41).
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Proof: Let us express the Grammian determinant f by means of a Pfaffian as
fv=(1,2,--- ,N,N*, ... 2%, 17), (3.50)

where (7, j*) = a;; and (4, ) = (i*,j*) = 0.

To compute derivatives of the entries a;; and the Grammian [, we introduce new Pfaffian entries

a" a"
(dnvj ) 6$nw‘7’ (dnaz) 8$n¢27 (dmadn) (dn,Z) (dm7] ) 0) m,n - 07 (3 51)

as usual. In terms of these new entries, derivatives of the entries a;; = (¢, j*) are given, upon using

(3.48) and (3.49), by

0 £ - s
%aij = CZMZJ] = (d(]de)Z?] )7

6 X
Sy = / (ih; + ditjy)de

o a’ay(t)
- 30z1 (t)
_ a’ay(t)
N 30&1 (t)
. a’ay(t)
N 30[1 (t)

5,%0 = / (0i2%) + i),z )dw

/ (i a0 + Git)jz)dx

iv;

(dﬂu da)i)j*)7

—a / (Gr.000; — dithj.zn)d

= a($ixVj — dija)
= a[_(d17daai7j*) + (dOadivivj*)]a

o x

5% = / (Gij + dithje)dx
= ﬁ(t)/ (d)i,zxij + (z)zw],zxx)dm
= ﬁ(t)(d)z,zxw] - Qbi,xq/}j,x + qsil/}j,zx)

= B(1)[(da, dy, 4, 5%) — (dv, dy,4, 5°) + (do, da, 4, 7).
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Then we can develop differential rules for Pfaffians as in [10], and compute various derivatives

of the Grammian determinant fy = det(a;;) with respect to the variables x, y, z,t as follows:

fN,:L’ - (d07d87.)7
fN,xJ: = (dladzkja.) + (do,d?,‘),

fN@xx = (d27d87.) + 2(d17d1<7 .)) + (do,d;,O),

a2a
Iny = 3a14(( )) (do, d »),
fN,xy = a Oé4((t)) [(dl, daa .) + (d[), dT, O)L
Py = (( )) (da, 3, ) + 2 d, ) + (dy, 5 )],
2a4(t)

fN,Ia;‘xy - _C;Oél(t) [(dSa d87 .) + 3(d27d>{7 .) + 2(d07 d87 d17 T; .) + S(dla d;7 .) + (d07d§7 .)]7

fnz = al—(di,dj, ) + (do, di, ®)],

N2z = a*[(ds, dj, @) — (da, d}, @) + 2(do, dg, d1, d}, ) — (di, d3, @) + (do, d3, e)],
fng = B(t)[(d2, dy, @) — (di,d1, ®) + (do, d3, ®)],

I = B(1)[(ds, dg, @) — (do, dg, di, d7, @) + (do, d3, @],

a’ou(t)B(t " . y .
fN,ty = - ( ) ( ) [(d?n d07 ’) - (dOa d07d17 d1> .) + (d()a d37 .)]>
30é1 (t)
where the abbreviated notation e denotes the list of indices 1,2,--- , N, N*,--- ,2* 1* common to

each Pfaffian. Under the conditions on o, a3, a4 and a, we can now compute that

a1(t) fNaeay + [Nt + a3() fney — aa(t) f = = —4a®aq(t)(do, d, dv, d}, e),
=31 (t) fNzay Nz — 1) [Ny [N zze — N fNG — a3(t) fnefny =
4a®ay(t)(do, djy, ®)(d1, d}, »),
301 (t) fNay [N ez + aa(t)(f,2)? = —4a’ay(t)(dy, g, ®) (do, 7, ®),
and further obtain that

(@1()D3 Dy + DiDy + as(t) DeDy — as(t)D2) fx - f

= 2(1(t) [N zzay + [Nge + a3(t) ey — @a(t) [N z2) [N — 201 (E) BfN zay [N 2

— 3Ny Nz + [Ny fNwes) — 2IN NG — 203(8) fnefny + 20a(t) (fn,2)?

= _8a2a4(t)[(.)(d0’d37 di, dT’ .) - (do)dav .)(d17 dT’ .) + (dl’dav .)(d()v dT’ .)] =0.
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This last equality is nothing but the Jacobi identity for determinants. Therefore, we have shown that

v = det(aij)lgi’jg n defined by (3.47) solves the (3+1)-dimensional generalized Hirota bilinear

vcKP equation (3.41) under the condition of (3.48) and (3.49). O]
The systems (3.48) and (3.49) have solutions

a’ay(t)

p
o; = Z dijenij, Nij = kijx — 3041(25) kijy + ak‘?jz + k‘%h(t), (3.52)
j=1
! Cis a?ay(t) 9 3
=1
where
nt) = [ sy, (3.54)

d;j, ej;, kij and [j; are free parameters and p, g are two arbitrary natural numbers.

3.3 Pfaffian Solutions to a Generalized KP System with Variable Coefficients

Since Pfaffians generalize determinants, it is natural to ask if there exists Pfaffian solutions comple-
menting Wronskian and Grammian solutions. The answer is very positive. Pfaffian solutions to the
BKP equation were constructed for the first time by Hirota [48]. However, Pfaffians may not solve
given nonlinear equations, and so, one needs to generalize the given equations to some coupled
equations. The procedure for doing this [65] is now called Pfaffianization [77]-[79], and two kinds
of Pfaffian solutions, Wronski-type and Gramm-type Pfaffian solutions, can be often constructed
while doing Pfaffianization [80]-[83].

In this section, we would like to apply the Pfaffianization procedure to the (3+1)-dimensional
generalized vcKP equation (3.39). Our construction for Wronski-type and Gramm-type Pfaffian

solutions are totally based on two Pfaffian identities (3.24) and (3.25).
3.3.1 Pfaffianization and Wronski-type Pfaffian Solutions
Let us consider again the (3+1)-dimensional generalized KP equation with variable coefficients:

(w + a1 () Uggy + 3a2(t)uzuy) e + as(t)uy — as(t)uz, + as(t)(ug + az(t)uy) = 0. (3.55)

Through the dependent variable transformation

al(t)
as(t)
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the above (3+1)-dimensional generalized vcKP equation is mapped into a Hirota bilinear equation
(a1 (t)D2Dy + DiDy + a3(t)DiDy — au(t)D2)f - f =0, (3.57)

under the constraint:

ai(t) = Coan(t)e [ os®it, (3.58)

where Cy # 0 is an arbitrary constant and D,, Dy, D, and D; are Hirota bilinear differential

operators [10, 12]. The equation (3.57) precisely presents

(al (t)fx:cary + ftcc + a3(t)fty - a4(t)fzz)f - 3a1(t)fa:xyfz + 30[1(t)fzyfxx
—a1(t) fyfoee — fefe — as(t) fofy + a4(t)(fz)2 = 0. (3.59)

Now consider Wronski-type Pfaffian solution
fN = (1)27 72N)7

whose Pfaffian entries satisfy the following linear condition:

%(i,j) =(+1,5)+ (4,5 +1), (3.60a)
o . . adfay(t), . .
@(17J) D) [(i+1,5) + (3,5 + 1), (3.60b)
D (i) = alli +2.3) + (1.5 +2)] (3.600
%(i,j) = B)[(E +3,7) + (4,5 + 3)], (3.60d)
where
B(t) = dafan (t)au(?) 3.61)

"~ 3aq(t) — a?as(t)au(t)’

and a could be any real number which satisfies
3a1(t) — a®asz(t)ay(t) # 0, for all values of t. (3.62)

We deduce the following differential rules for the Wronski-type Pfaffian under the condition
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(3.60):

a 2N
a (7/17227”'7i2N):Z(7;17i27”'7Z'k+]-7”'7i2N)7

k=1
0 a2a4 N
71,@’,"',@’ — Z,Z,"' Z +17Z R
a9 (11,12 2N) Son (1 ; 1,12 k 2N)
0 ) o . .
P ——(in,ig, - yign) =@y (i1,d, -+ ik + 2, ian),
P oON
at(zlvi%“'7i2N):6(t)Z(i1>i27"'aik+37"'7i2N)'

k=1

(3.63a)

(3.63b)

(3.63¢)

(3.63d)

In the next theorem, we present a Wronski-type Pfaffian solution to a coupled system for the

generalized vcKP equation under a certain condition on the variable coefficients.

Theorem 3.7 Let a and o, as satisfy the conditions (3.62) and (3.58), respectively. If the Pfaffian

entries (i, j) satisfy the conditions (3.60), and g—‘ll is an arbitrary constant, then

a
:2a2<t)(lnf)x, v=g/f, w=h/f,

where

f:fN:(1)27 72N)7
g:gN:(172772N_2)7

h=hy=(1,2-,2N +2),

solve the following system of nonlinear equations

(u + a1 () Uggy + 3a2(t)uzuy )y + as(t)uy — aa(t)u,,

—SaQM(vw)x,

+ o5 () (ug + a3(t)uy) = as(t)
)

2 as(t 3 as(t) _
5(75) t+3 (t)ug; x+vmx+a($z+mvuz)—0,
2 as(t) 3 as(t)
—5@) wy + 3a1(t) UpWy + Woypr — E(wm + o) wu,) =0
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Proof: Under the dependent variable transformation given in (3.64), the system (3.65) can be

mapped into the following system of bilinear equations:

(al(t)DiDy + DDy + a3(t) DD,y — a4(t)D§)f - f= —8a2a4(t)gh, (3.66a)
3 2 3 _

(Dy + %Dt +-DuD:)g- f =0, (3.66b)
3, 2 3 e

(D3 + 55 De = G DaDo)h - f =0, (3.66¢)

Based on the differential rules in (3.63), we can compute various derivatives of the Pfaffian fy =

(1,2,---,2N) with respect to the variables x, y, z and ¢:

fN,;E:(172 72]\7_].,2]\]4—]_)7
fNae = (1,2, 2N = 1,2N +2) 4+ (1,2,--- ;2N — 2,2N,2N + 1),
INaze = (1,2, 2N —1,2N +3) + 2(1,2,--- ,2N — 2,2N, 2N + 2)

+(1,2,--- ,2N — 3,2N — 1,2N, 2N + 1),

a’ay(t)
=— 1,2--+,2N —1,2N +1
fN,y 30[1(t) ( 9 9 I + ))
a’ay(t)
[Ny = — [(1,2,--- ,2N —1,2N +2) + (1,2,--- ,2N — 2,2N, 2N + 1)],
’ 30[1(t)
a’ay(t)

fN,xxy = - 3041(t)
+(1,2,---,2N — 3,2N — 1,2N, 2N + 1),

f L a2a4(t)
N,xxxy — 3041 (t)

[(1,2,--- ,2N —1,2N +3) +2(1,2,--+ ,2N — 2,2N,2N + 2)

[(1,2,-+- 2N —1,2N +4) +2(1,2,--+ ,2N — 22N + 1,2N + 2)

+3(1,2, -+ ,2N —2,2N,2N + 3) + 3(1,2,--- ,2N — 3,2N — 1,2N, 2N + 2)

+(1,2,--- ,2N —4,2N — 2,2N — 1,2N, 2N + 1)],

fn.=a[(1,2,--- ,2N —1,2N +2) — (1,2,--- ,2N — 2,2N, 2N + 1),

fNze=a?[(1,2,-+ 2N —1,2N +4) +2(1,2,--- ,2N — 2,2N +1,2N +2)
—(1,2,---,2N —3,2N —1,2N,2N +2) — (1,2,--- ,2N — 2,2N,2N + 3)
+(1,2,--- ,2N —4,2N —2,2N — 1,2N, 2N + 1)],

fye=BM®)[(1,2,--- ,2N —1,2N +3) — (1,2,--- ,2N — 2,2N,2N +2)

+(1,2,---,2N —3,2N —1,2N, 2N + 1)],
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fvie = BM[(1,2,--- 2N —1,2N +4) — (1,2,--- ,2N — 2,2N + 1,2N + 2)
+(1,2,--- ,2N —4,2N —2,2N — 1,2N, 2N + 1)],

2
Iy = —‘W[(Lz,m 2N — 1,2N +4)

— (1,2, ,2N —2,2N +1,2N + 2)

+(1,2,--- ,2N —4,2N — 2,2N — 1,2N, 2N + 1)).

{ In the last derivative we used the condition that ¢* is an arbitrary constant}.

It is easy to verify the following relations:

—GQOé —a2a
(O S + 500 + aal( ) ey =0 G
—a?ay(t)
(3.67b)

3aq (t)( )+ a’ayu(t) = 0.

30&1(15)

Therefore, using the relations (3.67), we have

1(t) fNzzwy + [Nz + a3(t) [Ny — aa(t) [,z
= —4da’oy(t)(1,2,--- ,2N — 2,2N 4+ 1,2N +2),
=301 (t) fN ey fNe — 01(t) Ny N zee — Nt N2 — a3(t) N fNy
=4a’oy(t)(1,2--- ,2N —1,2N +1)(1,2,--- ,2N — 2,2N, 2N +2),
301 (t) N ay [Nz + aa(t) (fn.2)?
= —daoy(t)(1,2,--- ,2N —1,2N +2)(1,2,--- ,2N — 2,2N,2N + 1),

and further obtain

(1(t)D3Dy + DiD; + a3(t)DyDy — ca(t) D7) f -
= 2(01 (t) N gwey T fNte + 03(t) fney — aa(t) fn,z2) [N — a1(t) (6N zay fN 2
—6fNaySNaz + 2f Ny Neae) — 2INefNe — 203(8) fn e SNy + 200(t) (f,2)°
= —8a%as(t)[(1,2,--- ,2N)(1,2,--- ,2N — 2,2N +1,2N + 2)
(1,2, ,2N —1,2N +1)(1,2,--- ,2N — 2,2N, 2N + 2)
H(1,2,--- 2N —1,2N +2)(1,2,--- ,2N — 2,2N,2N + 1)]

= —8a%ay(t)(1,2,--- ,2N —2)(1,2,--- ,2N + 2).
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The last equality is gotten by employing a Pfaffian identity of type (3.24).

But the second equation in the bilinear system (3.66) is equivalent to the Pfaffian identity of type

(3.25), indeed:

2 3
D3+ —D,+=D.D,)gy -

2 3 3
- (gN,xx:c + MQN,IE + ggN,rz)fN - (39N,x:c + EQN,z)wa
2

+9N,2 (3N ze — ng,z) — gN(fNzzz + 500 Ing — SfN,xz)
—6[(1,2,--- ,2N — 3,2N + 1)(1,2,--- ,2N — 3,2N — 2,2N — 1,2N)
(1,2, ,2N — 3,2N)(1,2,--- ,2N — 3,2N — 2,2N — 1,2N + 1)
(1,2, 2N —3,2N — 1)(1,2,--- ,2N — 3,2N — 2,2N,2N + 1)
~(1,2,---,2N —3,2N —2)(1,2,--- ,2N — 3,2N — 1,2N,2N + 1)]

=0.
Similarly, the Pfaffian identity of type (3.24) gives:

(1,2, ,2N —1,2N +3)(1,2,--- ,2N — 1,2N,2N +1,2N +2)

—(1,2,-+- ,2N — 1,2N 4+ 2)(1,2,--- ,2N —1,2N,2N + 1,2N + 3)
+(1,2,--- ,2N = 1,2N + 1)(1,2,--- ,2N — 1,2N, 2N +2,2N + 3)
—(1,2,--- ,2N — 1,2N)(1,2,--- ,2N — 1,2N + 1,2N + 2,2N + 3)

=0,

which is equivalent to

2
(D3 +

T th - gDa:Dz)hN : fN =0.

(3.68)

(3.69)

Therefore we have shown that f = fy,g = gy and h = hy solve the system (3.66) under the

conditions (3.62), (3.60) and g—‘l‘ is an arbitrary constant, which implies that u, v, and w solve the

system of nonlinear differential equations (3.65) and this completes the proof of the theorem. [

In particular, one can choose the following Pfaffian entries

M
(.9) = D@0 — o)),

k=1
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with M € N being arbitrary and ¢ and vy, satisfying

Dy = “‘4(())«5(, R 371
Yy =~ ‘;j‘*(()%i”, U = vy, e = BV, (3.72)

where ¢V and () are the i-th derivatives of ¢ and v with respect to z, respectively. It is easy

to see that all (4, 7) satisfy the condition (3.60). Examples of the functions ¢y and v, can be the

following:
- Nij a2a4(t) 2 3
Pi = Z dije™i, ni; = kijr — Wkijy + aki;z + kih(t), (3.73)
t
Zeﬂe it G = L — g @t " )lﬂy + a12 z+ l3 h(t), (3.74)
3o (t)
where
= / B(t)dt, (3.75)

and d;;, €j;, ki; and [;; are free parameters, and p, g are two arbitrary natural numbers.

3.3.2 Gramm-type Pfaffian Solutions

In this section, we would like to discuss another class of Pfaffian solutions, Gramm-type Pfaffian
solutions, for the Pfaffianized (3+1)-dimentional generalized vcKP system (3.66), which could be

introduced as

f:fN = (1727 72N)7 (376a)
g =dgnN = (017607 1727 U 72N); (376b)
h = hN = (do,dl, 1,2, cee ,2N), (3760)

where the Pfaffian entries are defined by
(i,4) = cij + [“(dih; — ¢jibi)dx,  ¢ij = —cji, cij = constants,
(dn,i) = Z=dis  (cni) = i, (3.77)
(dins dn) = (cms ) = (€m, dn) =0,

where the lower limit in the above integration is chosen so that the functions ¢;, 1; and their deriva-

tives are zero at the lower limit.
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Theorem 3.8 Let ¢; and ; satisfy the following condition

2o (t

biy = —m@,x, Gir = abiga, Sy = B)Biszs, (3.78a)
204 (t

wi,y = _%;4((15)) @Z)i,:pa "7[)2',2 = _aﬂ)i,zxa T;Z}i,t = B(t)@bk,xxz’ (378]3)

where the constant a satisfies the condition (3.62) and g—‘f is an arbitrary constant. Then fy,gn

and hy defined by (3.76) and (3.77) solve the Pfaffianized system (3.66).

Proof: Based on the Pfaffian entries defined by (3.77) and the condition (3.78), we can compute the

derivatives of the Pfaffian entries with respect to z, y, 2, t:

0
%(Z}j) = ¢ih; — ¢ = (co, do, 1, 7),
g ,. . r
87/(%]) = / (Giyhj + Pithjy — Gjytbi — iy )dx
2 x
- —‘ﬁ,)(i“(%) [ @ty + but50 = by = by}
B a’ay(t) e
- 30[1(t) (gblw] Cbﬂf)z)
B a’ay(t) o
- 30[1(t) (COa dOvl’])v
0

@(i’j) = /I(gbi,zd)j + Q). — @i — G )dx
= a/x(ébi,mi/}j + Gitjax — Gjaxi — GjViaa)dT
= a(ia¥j — dijz — Pjathi + Gjia)

al(co, d1,4,7) — (c1, do, %, )],

a xr
a(ijj) = / (Git05 + dithjs — Gjpthi — jvie)da

B(t)/ (Qb’i,a:qupj + ¢i¢j,xmc - ij,x:pxwi - ij@bl,xmc)dx
B(t)((bi,xwwj - ¢j,zzwi -
B

(t)[(CQ,dz,i,j) - (clad1>i>j) + (027d07i7j)]'
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Now we can develop differential rules for Pfaffians, and compute various derivatives of the

Gramm-type Pfaffians fy = (1,2,--- ,2N) with respect to the variables z, y, z, ¢ as follows:

fN,:L’ - (607d07 .)a

[Nzz = (co,dy,®) + (c1,dp, ®),
INzze = (co,d2, ®) +2(c1,dy, ) + (c2,do, @),
fN,y = C;(jé:l(()) (C(),d(), )7
2
INzy = —2514(%) [(co,d1,®) + (c1,do,®)],
a’ay(t)

INagzy = — 3on (1) [(co,do,®) +2(c1,dy,®) + (ca,do, ®)],

a?au(t
Fraany = —?)af((t))[(cm ds, 8) + 3(c1, da, #) + 2(co, do, c1, v, ®) + 3(ca, i, )

+ (c3,do, ®)],
Iz = al(co,di, @) — (c1,do, ®)],
fze = a®[(co, d3, @) — (c1,d2, @) + 2(co, do, c1,d1, 8) — (c2,d1, ®) + (c3,do, )],
fne = B(t)[(co, da, @) — (c1,d1, 8) + (c2, do, @],

)
Inte = B(t)[(co, d3, ®) — (co, do, c1,d1,®) + (c3,do, ®)],
2

_a'a t
Nty = o )5@)[(00,613, ®) — (co,do,c1,d1,e) + (c3,do, »)],
30(1 (t)
where the abbreviated notation e denotes the list of indices 1,2, --- ,2/N common to each Pfaffian.

Using the relations (3.67), we can compute

Oél(t)fN,xx:cy + fN,tx =+ (lg(t)fN,ty B 044(t)fN,zz - _4a2a4(t)(607 do c1, du, .)7
_3a1(t)fN,mcny,x - al(t)fN,ny,xmc - fN,th,:(: - a3(t)fN,th,y
= 4a2a4(t)(co, do,®)(c1,d1,e),

301 (t) N ay [Nz + aa(t) (fn.2)? = —4aay(t)(c1, do, ®)(co, di, ®),
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and further obtain

(a1 (t)D3Dy + Dy D, + a3(t) Dy Dy — au(t) D) f - fn

= 2(041(t)fN,ac;t:cy + fN,tac + a3(t)fN,ty - a4(t)fN,zz)fN - al(t)(6fN,x:vny,x

6N oy [N zw + 20Ny N zxx) — 2N SN — 203(t) i fny + 20a(t) (fiz)?

= —8a2a4(t)[(o)(co, do, c1,dq, 0) — (Co, do, 0)(01, dq, 0) + (01, do, 0)(00, dq, 0)]

= 8a’au(t)(co, c1,9)(do, dy, ).

The last equality is gotten by employing a Pfaffian identity of type (3.24).
Similarly, one can show that

2
B(t)

2 3 3
= (gN,;Bzz + WQN,I? + ggN,:vz)fN - (3gN,zz + agN,z)fN,x
2 3

3
+9N,m(3fN,a:a: - 5fN,z) - gN(fN,xzx + mfN,t - afN,xz>

3
(D2 + Dy + anDz)gN - IN

(
= 6[(®)(c2,c1,co,do, ®) — (c2,c1,9)(co,do, ®)
+(027 Co, .)(Ch d07 .) - (Cla Co, .)(627 dOu .)]

=0.

The last equality is nothing but the Pfaffian identity of type (3.24). By interchanging c and d in the

above equation, we can verify that fy, Ay solve the third equation in the system (3.66).

Therefore, we have shown that fxn, gy and hy defined by (3.76) solve the Pfaffianized (3+1)-

dimensional bilinear generalized vcKP system (3.66) under the conditions in the theorem.

O

Since the system (3.78) is linear, examples of generating functions for the Pfaffian entries can be

easily computed as follows:

a’ay(t)

ks k22 + k3.h(t
3041(t) jy+a‘ z+ 1] ()7

5]

p
¢ =Y dige™s, ny; = kijx —
Jj=1

q
3 a®ay(t)
Ui = 2 et Gi=lia = g

2
) §iy + al?iz + l?zh(t),

where

h(t) = / B(t)dt

and d;;, ej;, ki; and [;; are free parameters and p, ¢ are two arbitrary natural numbers.
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3.4 Bilinear Bicklund Transformation of a (3+1)-Dimensional Generalized KP Equation

Bicklund transformations are another powerful approach to solutions of nonlinear equations, and
they can be written in the Hirota bilinear form when an equation under consideration has a bilinear

form [12, 67]. For example, the KdV equation

ut + 6uly + Ugyrr = 0, (3.82)
which can be written as

D,(Dy+D3)f - f =0, (3.83)

under v = 2(In f),,, D, being a Hirota bilinear operator [10], has the bilinear Biacklund transfor-

mation [12]:
(D =N f'-f=0,

(Dy+3X\Dy +D3)f'- f=0.

(3.84)

This means that f solves the bilinear KdV equation (3.83) if and only if f’ solves the bilinear KdV

equation (3.83). The (2+1)-dimensional generalized KdV equation, i.e., the KP equation
(—4us + Ugzr + 6uUL) e + Buyy = 0, (3.85)

which can be written as
(=4Dy D¢ +3D; + D3)f - f =0, (3.86)
under u = 2(In f),, has the bilinear Bicklund transformation [10, 84]:
(Dy = DZ)f"- f=0,
(3.87)
(3DyD, — 4Dy + D3)f' - f = 0.

Such bilinear Bicklund transformations also connect with Lax pairs and generate the modified soli-
ton equations [84, 85].

In this section, we would like to study the (3+1)-dimensional generalized KP equation [62]:
Ugzry + 3(Uzlly)z + Uty + Uty — Uzz = 0,
which can be written in the Hirota bilinear form
(D3Dy + DiDy + DDy — D2)f - f =0,
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under u = 2(In f),. This equation was discussed for the first time in a study on the linear superpo-
sition principle for exponential waves [62].

We will generate a bilinear Backlund transformation for the above (3+1)-dimensional generalized
KP equation, which consists of six equations and contains nine arbitrary parameters. The exchange
formula for Hirota bilinear operators are the basis for manipulating the necessary interchanges in de-
riving the bilinear Bicklund transformation. Exponential and rational traveling wave solutions with
arbitrary wave numbers are computed by applying the proposed bilinear Biacklund transformation.

3.4.1 Bilinear Bicklund Transformation

We consider the following (3+1)-dimensional generalized KP equation:

Upzay + 3(Uzlly)z + Uty + Uy — Uz = 0. (3.88)
Under the dependent variable transformation

u=2(Inf)g, (3.89)

the above (3+1)-dimensional nonlinear equation is put into a Hirota bilinear equation

(DiD, + DD, + DD, — D3)f - f =0, (3.90)
where D, D, D, and D; are Hirota bilinear differential operators [10, 12]. This exactly gives

(faway + fro + fry = fo2)f = 3faayfo + 3fayfoe — fyfoan — fifo — fify + (f2)° = 0.

We would like to generate a bilinear Béacklund transformation for the (3+1)-dimensional general-
ized bilinear KP equation (3.90).

Let us assume that we have another solution f’ to the generalized bilinear KP equation (3.90):
(D:D, + DD, + D,D, — D?)f"- f' =0, (3.91)
and introduce a key function
P = [(DiDy+ DyDy+ DDy — D) f'- f'|f* = [(DiDy + D1 Dy + DDy — D) - f1£ 2. (3.92)

If P = 0, then f solves the generalized bilinear KP equation (3.90) if and only if f’ solves the

generalized bilinear KP equation (3.90). Therefore, if we can obtain, from P = 0 by interchanging
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the dependent variables f and f’, a system of bilinear equations that guarantees P = 0:

Bi(Dt’DI’D?P‘DZ)f/'f:Oa 1 S/LSMv

where the B;’s are polynomials in the indicated variables and M is a natural number depending on
the complexity of the equation, then this system gives us a bilinear Bicklund transformation for the

generalize bilinear KP equation (3.90).

Let us now start to explore what those bilinear equations could be. First we want to list three

exchange identities for Hirota bilinear operators:

(D¢Dya - a)b* — (DyDyb - b)a® = 2D, (Dsa - b) - ba, (3.93)
(D¢Dya - a)b* — (DyDyb - b)a* = 2D, (Dya - b) - ba, (3.94)
2(DEDya - a)b? — 2(DEDyb - b)a®

= D,[(3D2Dya - b) - ba + (3D2a - b) - (Dyb - a) + (6D Dya - b) - (Db - a)]

+D,[(D3a-b) -ba + (3D3a-b) - (Db - a)]. (3.95)

The first and second identities can be found in [10], and the third one can be obtained from the

coefficient of £!, while taking the independent variable transformation D, — D, + eD, for
(Dia-a)b? — (Dib-b)a® = 2D,[(D3a - b) - ba + (3D%a - b) - (Db - a)],
which is the known identity in [10]. All these identities come from the general exchange formula

(see [10] for details). Now from the first identity (3.93) or the second identity (3.94), we can easily

obtain

(D?a - a)b* — (D?b- b)a® = 2D.(D.a - b) - ba, (3.96)

D,(Dsa-b)-ba = Dg(D,a-b) - ba, 3.97)

by taking x = ¢ = z and noting D, Dsg - g = Ds;D,g - g.
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Then, it can be proved that P = 0 if we take

Bif'- f = (3D2D, +4D; + M1 Dy +4XsD, + \o) f' - f =0,
Bof' - f = (D3 +4D; — M Dy + 4XgD, + X3)f' - f =0,
Bsf' - f=3D2+ X Dy +Xo)f - f =0,
(3.98)
Byf' - f = (3D2+ \sDyp — Xg)f - f =0,

Bsf'- f=(DyDy+ MDy)f - f =0,

Bof' - f=(Dy+ AsDy + XDy f' - f =0,

where nine arbitrary parameters have been introduced successfully. This system presents a bilinear
Backlund transformation for the (3+1)-dimensional generalized KP equation (3.90).
Actually, by using the exchange identities (3.93)-(3.96), we can carry out the following conver-

sion:

2P = [2(D3Dy 1" f)f* = 2DIDyf - )F) + [2(DiDuf’ - 1)1 = 2(DiDaf - ) f7)

+2(DeDy " )2 = 2DiDyf - )] = [2(D2f - f) P =2D2f - )17

= {D.[BD;Dyf'- f) - [+ BDLf - ) - (Dyf - ') + (6D Dy f' - f) - (Duf - f)]
+ Dy[(D3f - £)- '+ BD2f - f) - (Dof - )]}
+AD,(Dyf' - f) - fJ' +ADy(Dyf' - f) - ff' — 4D(D.f" - f) - £’

= D,(3D2Dyf" - f+ MDyf' - f+ Xof'f) - ff
D (3D2f" - f+ MDyf' - 4+ X f) - (Dyf - f)
+D4(6D:Dyf' - f + 6\ D f - f) - (Duf - f)
+Dy(D3f' - f = MDof' - f+ Xsf'f) - £F
+DyBD2f" - £+ XsDef' - f = Nef'f) - (Daf - ')
4D (Dyf" - f) - ff +ADy(Def' - £) - £f
—AD.(D.f' f + XsDaof - f+ XoDyf - ) [
+4AD,(AsDof' - ) - ff +4Dy(AoD.f" - f) - f I’

= Do(Bif - f) ff' + Dy(Baf - f)- fF' + Da(Bsf' - f) - (Dyf - ')
+Dy(Baf' - f) - (Daf - f') + 6Du(Bsf - ) - (Daf - f') = 4D-(Bsf'- f) - f .
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In the above deduction, the coefficients of A2, A3, A4, A5 and A7 are zero because of D,.g-g = 0, and
the coefficients of A1, Ag, Ag and \g are zero because of (3.97). This shows that (3.98) provides a

bilinear Backlund transformation for the (3+1)-dimensional generalized bilinear KP equation (3.90).

3.4.2 Traveling Wave Solutions

Let us take a simple solution f = 1 to the (3+1)-dimensional generalized KP equation (3.90), which
is transformed into the original variable u as v = 2(In f),, = 0. Noting that

7

ng-l:%g,

n>1,

the bilinear Bécklund transformation (3.98) associated with f = 1 gives rise to a system of linear

partial differential equations
3fpay +AfL + M fy +4XsfL + Aaf' =0,
;z:v + 4ft/ - Alf;:: + 4)‘9f; + )\3f/ =0,

3fpw + Mafy + Xef =0,

(3.99)
3fea T Asfz = Aef =0,
fa,?y + )‘7f; = 07
fL4+Asfr + Ao fy = 0.
Let us first consider a class of exponential wave solutions
f/ -1 + €€k$+ly+mz_wt, (3100)
where ¢, k, [, m and w are constants to be determined. Upon selecting
A =0, A3=0, \g =0, (3.101)
a direct computation yields
K31 — (Agk + Aol)?
= —(Agk + Aol = 3.102
m = —(Agk + Agl), w il : (3.102)
and
k3 — 3k21 + A3k — dXgho(k — 1) — 4M31 3k?
A = A8 sholk =) —4Nl -\ SR g = L (3.103)

k+1 l
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Therefore, we obtain a class of exponential wave solutions to the (3+1)-dimensional generalized

bilinear KP equation (3.90):

k31— (Ask + Aol)?
k41

f'=1+cexplkz + ly — (A\sk + Agl)z — t], (3.104)

where ¢, k, 1, A\g and Ag are arbitrary constants; and u = 2(In f’), solves the (3+1)-dimensional
generalized KP equation (3.88).

Let us second consider a class of first-order polynomial solutions
f = kx +ly+mz — wt, (3.105)
where ¢, k,l, m and w are constants to be determined. Similarly upon selecting
Ai=0,2<:<7, (3.106)

a direct computation tells that the system (3.99) becomes
A +4mAg — 4w = 0,
—kA +4mAg — 4w =0, (3.107)
kAs +1hg +m = 0.

Evidently, this system needs a necessary but not sufficient (see the last chapter for a counterexample)
condition

(k+Dw+m?=0 (3.108)

for the existence of A1, \g and \g. Under this condition (3.108), it is direct to check that f’ defined

by (3.105) solves the (3+1)-dimensional generalized bilinear KP equation (3.90), and so,

2k
=2(Inf), = 3.109
“ (In f) kx +ly +mz — wt ( )

presents a class of rational solutions to the (3+1)-dimensional generalized KP equation (3.88).
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Chapter 4

Wronskian and Pfaffian Solutions to a (3+1)-Dimensional Generalized Jimbo-Miwa Equation

In 1983, Jimbo and Miwa introduced and studied the following nonlinear partial differential equa-
tion [54]:

Ugzay + 3(Uzly)z — Uyt — 3Ug, =0, 4.1)
which describes a (3+1)-dimensional wave in physics. Interestingly, this equation has Wronskian,
Grammian and Pfaffian solutions. In this chapter, we will not only formulate these solutions, but
also extend this equation to a system of nonlinear partial differential equations by applying what we
called the Pfaffianization procedure. Finally, we are going to generalize this equation to an equation
with time dependent coefficients.

4.1 Wronskian Formulation
Under the dependent variable transformation

u=2(Inf)g, 4.2)
the above (3+1)-dimensional generalized JM equation (4.1)is mapped into a Hirota bilinear equation

(DD, — DD, —3D,D,)f - f =0, (4.3)

where D, Dy, D, and D; are Hirota bilinear differential operators [10, 12]. Equivalently, we have

(fty - fxxxy + Sfxz)f - ftfy + fxzxfy + 3fxxyf1’ - 3f:ca:f:cy - 3focfz = 0.

In the next theorem, we present a sufficient condition under which the Wronskian determinant solves

the bilinear generalized JM equation (4.3).
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Theorem 4.1 Let a set of functions ¢; = ¢i(x,vy, z,t) satisfy the following condition:

¢i,y = ¢i,xma d)i,t = _2¢i,mx:ra ¢i,z = d)i,:mcmza 1<i<N. (44)

Then the Wronskian determinant fn = |Jﬁ| defined by (3.38) solves the (3+1)-dimensional

bilinear generalized JM equation (4.3).

Proof: Under the condition (4.4), we can compute various derivatives of the Wronskian determi-

nant fy = |N — 1| with respect to the variables z, y, z, t.

It is not hard to obtain that

fve=IN=2,N|,

Fyae =|N—3,N—1,N|+|N—2,N+1]

FNoze =IN—4,N—2 N—1,N|+2[N -3, N—1,N+1|+|N—2,N+2],
fyy=IN—2,N+1|—|N-3,N—1,N]|,
fve=-2N—-2,N+2[—[N—3,N—1,N+1|/+|N—4,N -2, N —1,N]),
fvz=-|IN-B,N-3N-2N-1,N|+|N-2N +3|

+|N-4N-2,N—1,N+1|—|N—-3,N—1,N +2],
Fuaoy=IN—2,N+2 —|N-4,N-2 N—1,N|
fNa:=—|IN—6,N—4,N—3 N—2N—1,N|+|N—4,N—2,N,N +1|
—|N —3,N,N +2|+|N —2,N +4],

fyy=-20N-5,N—-3 N-2 N—1,N+1/—|N—4,N -2 N,N +1|
+|N—2,N+4/+|N—3,N,N+2 —|N—3N—1,N +3|
—|IN—6,N—4,N—3,N—2N—1,N|),

Frasy =IN—3,N—1LN+2[+|N-2,N+3—[N—4,N-2N—1,N+1
—|IN-5,N—-3,N—-2N-1,N|,

Frasay = —2N—B5,N—3 N—2N—1,N+1/+|N—3,N,N+2 +|N -2 N +4|

—IN-4,N—-2,N,N+1|+|N—-6,N—4,N—3,N—2,N—1,N|
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So we can compute now

(D3Dy — DiDy — 3D, D;) fn - fn = 12]|N —4,N — 2, N,N + 1[N — 1|
~|IN-4,N—-2,N—1,N+1||N —4,N —3,N — 2, N|
+|N-4,N-2,N—1N|[N—-4,N-3,N—2 N +1]

—12[N —3,N,N +2||[N —3,N —2,N — 1|
—IN—=3,N—1,N +2||[N —3,N —2,N|

+|N-3,N—2,N+2|[N-3N—1,N|[=0.

The last equality is nothing but the Pliicker relation for determinants. Therefore, we have shown that
f = fn solves the (3+1)-dimensional bilinear generalized JM equation (4.3), under the condition

4.4). n

The condition (4.4) is a linear system of partial differential equations. It has an exponential-type

function solution:

p
¢; = Z d,'je"ij, Nij = kijx — Qk?jy + ksz + k‘gjt, 4.5
j=1

where d;; and k;; are free parameters and p is an arbitrary natural number.

4.2 Grammian Formulation
Let us now introduce the following Grammian determinant
X
fN = det(aij)1§i7j§N, Qi = Cij + / (Z)zl/J] dzx, ci; = constant, (4.6)
with ¢; and 1); satisfying
¢i,y = ¢i,zma qbi,z = ¢i,x:r:rx> ¢i,t = _2¢i,wmma 1< < N, (47)

dji,y = _T;Z)i,x:pa @ZJ’L',Z = _wi,x:pxm ¢i,t = _2wj,:m:xa 1< ] < N. (48)

Theorem 4.2 Let ¢; and 1); satisfy (4.7) and (4.8), respectively. Then the Grammian determinant
fn = det(aij)1<i j<n defined by (4.6) solves the (3+1)-dimensional bilinear generalized JM equa-
tion (4.3).
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Proof: Let the Grammian determinant f be written by means of a Pfaffian as
fN:(1>27"'7N7N*7"'72*71*)7 (49)

where (7, j*) = a;; and (4, ) = (i*,j*) = 0.

To compute derivatives of the entries a;; and the Grammian fy, we introduce new Pfaffian entries

a" a"
(dn7] ) 8$" wjﬂ (dn7l) 81‘” ¢’Lv (dmadn) (dTwZ) (dmvj ) 07 man - 07 (4 10)

as usual. In terms of these new entries, derivatives of the entries a;; = (¢, j*) are given, upon using

(4.7) and (4.8), by

0 . o

%aij = (d07d07zﬂ.7 )7

0 . .
Fyaij = _(d17d07z7j*) + (d07d17z7j*))
0

5% = (do,dy, %, 5%) — (d1,dy,4,5%) + (do, d5, 1, 57),

aaij:(do,d:g,%] )_(d37d072)j )+(d27d1)2)] )_(dlde)Zn? )

By using Lemmas 3.3 and 3.4, we can develop differential rules for Pfaffians, and compute the
required derivatives of the Grammian determinant fy = det(a;;) with respect to the variables

x,y, 2, t as follows:

fna = (do, dy, e),

fnge = (di,dg, @) + (do, dT, ),

INzee = (do, dy, @) +2(d1, d7, ®)) + (do, d5, e),
Iny = —(di,dy, ®) + (do, d7, e),

frne = —2[(d2, d, @) — (di,d7, @) + (do, d3, ®)],

fN,z = (d(]ad;)y.) - (d37d8a .)) + (d2ad){a.) - (dlvd;.)a
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INzy = (do, d3, 8) — (d2,dy, ),

INazy = (do, d5, ®) — (ds, d5;, @) + (d1,d5, @) — (da, d7, e),

fnwz = (do, dy, @) — (da, dy, @) + (d2, d7, do, dy, ®) — (di, d3, do, dg, @),

fnge = =2[(do, d}, ®) — (da, dp, ) + (ds, dy, @) — (d1,d3, )
+(dz, dg, do, dy, ®) — (do, d3, d1, dy, )],

INgzay = (do, dy, ®) — (ds, dy, ®) — 2(d3, dy, ®) + 2(dy, d3, ®)

_(d(]a d;dlv dé) .) + (d27 dEk)vde dT? .)7

where the abbreviated notation e denotes the list of indices 1,2,--- , N, N*,--. ,2* 1* common to
each Pfaffian.
By substituting fx into the left hand side of the bilinear equation (4.3) and utilizing the above

derivatives, we get

(D3D, — D;D, — 3D, D,)fn - fn = 12[(do, d§, da, d}, ®)(e)
- (dovdav .)(dQ’ T’ .) + (d07div .)(dQ’ dz;’ .)]
- 12[(d07d63 dlydza .)(.)

- (dOa daa .)(d17d§7 .) + (d07d;7 .)(dla d67 .)] =0.

The last equality comes by the Jacobi identity for determinants. Therefore, we have shown that
fn = det(a;j)1<; j<n defined by (4.6) solves the (3+1)-dimensional bilinear generalized JM equa-
tion (4.3), under the condition of (4.7) and (4.8). ]

The systems (4.7) and (4.8) have solutions

p
¢i = dije™, iy = kijw + Ky + kijz — 2kjt, (4.11)
7j=1
q
Vi = Z €%, Gii = ljiw + Uy + 1,2 — 213t, (4.12)
=1

where d;;, e;;, ki; and [;; are free parameters and p, ¢ are two arbitrary natural numbers.
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4.3 Pfaffian Formulation

Let us introduce the following Pfaffian
fn=1(1,2,---,2N), (4.13)
with Pfaffian entries
(4,7) = cij + /z D,¢;- ¢pjdx, i,j=1,2,--- 2N, (4.14)
—00
where ¢;j(= —c;; for i # j) are constants, D, is the Hirota D-operator and all ¢;, 1 < i < 2N,
satisfy the following linear system of differential equations
Giy = a/x di(x)dx, ¢i.=adiz, Git= iz 1 <17 <2N, (4.15)
—o0
where a is nonzero parameter.

Theorem 4.3 Let ¢;(z,y,2,t), 1 < i < 2N, satisfy (4.15). Then the Pfaffian defined by (4.13)
solves the bilinear generalized JM equation (4.3) and the function u = 2(In fx), solves the (3+1)-

dimensional generalized JM equation (4.1).

Proof: In order to compute derivatives of the Pfaffian entries (7, j) and the Pfaffian fx, we introduce

the following new Pfaffian entries

. 8”@ . 8n¢i
(dp, 1) T (d—n,1) dar, forn > 0, (4.16)
where . . .
o |
83:’11 B / / / (bz(x)dxdx e @1

By using the definition of the Pfaffian entries (4.14) and the linear condition (4.15), we have
o ,. . ..
%(Z,]) = ¢jbix — ¢i®je = (do, d1,1,5),
o, . 0
@(17]) = 8?4 / ¢]¢z,x - ¢z¢],x
- a[¢i¢j,l‘_1 - ¢j¢i,1‘_1] = a(d—l7 d07 iaj*)u
2(z 1) = a(dy, dy,1i,7)
Oz yJ) = 0,01,2,7),
o,. .
a(%]) = ¢j¢i,xzm - gbid)j,x:v:v - 2(¢j,x¢i,xm - d)i,:pgbj,:p:v)
= (d07d37i7j) - 2(d17d27i7j)‘
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By using Lemmas 3.3 and 3.4, we can develop differential rules for Pfaffians, and compute the

required derivatives of the Pfaffian fiy = (1,2, .- ,2N) defined by (4.13) with respect to the

variables x, y, z, t as follows:

[ = (do,di,e), (4.18)
INgz = (do, d2,e), (4.19)
fN gz = (di,da, @) + (do, d3, ), (4.20)
Iny = a(d—1,dy,e), (4.21)
fnie = (do,ds, @) —2(d1, da, ), (4.22)
Inz=a(dy,dy,e), (4.23)
[Ny =a(d_1,d1, ), (4.24)
INaz = a(do,d2, ), (4.25)
INzay = a[(d-1,d2, ) + (do, d1, ®)], (4.26)
Inyt = al(d—1,d3, ) — (do,d2,®) —2(d_1,do, dy,d2, )], (4.27)
INzazy = al(d—1,d3,®) + 2(dy, d2, ®) + (d_1,do, d1, d2, ®)], (4.28)
where the abbreviated notation e denotes the list of indices 1, 2, - - - , 2N common to each Pfaffian.
Using the above derivatives, we can see
(fNyt = fNyaze + 3fNz2) v = —3a(d-1,do, d1, d2, 8)(e), (4.29)
INzezfNy — INtfNy = 3a(d-1,do,®)(d1,d2,e) (4.30)
—3fNazfNys = —3a(do, d2,e)(d_1,d1,e) (4.31)
3fNyzxfNg — 3fzf: = 3aldo, d1, ) (d-1,d2; ®). (4.32)

By substituting f into the left hand side of the bilinear generalized JM equation (4.3), we get

(D2D, — DD, — 3D, D.)fxn - fn = —6[(d_1,do,d1,dz2,e)(e)
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+ (do, da, ®)(d_1,d1, )]

+ (do, dy,)(d_1,d2,e)] = 0.



The last equality is nothing but the Pfaffian identity (3.24). Therefore we have shown that the Pfaf-
fian fx defined by (4.13) satisfying the condition (4.15) solves the bilinear generalized JM equation
(4.3). O

The system (4.15) has solutions in the form
P
j=1

where d;;, k;; and n?j are free parameters and p is arbitrary natural number. In particular, we have

the following specific solutions
b = €M, m; = kix + ak?y + akiz — 2k3t + 1), (4.34)

where k; and 77? are free parameters and a is arbitrary nonzero parameter. Hence we obtain

. k; — k;
(i,5) = cij + Tt kj i P;. (4.35)

Let us consider the two-soliton and three soliton solutions for the bilinear generalized JM equation
(4.3). For the two-soliton solution, we may choose c12 = c34 = 1, c13 = c14 = ca3 = c24 = 0.

Then we have

fo=(12)34)—(13)(24)+(14)(23)

ky — ks eM+n2 ks — ka 3t

k1 + ko k‘g + ky

(k:l — k:g)(k‘l — k‘g)(kl - k4)(k32 - kB)(kQ - k4)(k3 - k4) em+772+n3+774
(ox + Joa) (o + Jog) (o + Joa) (g + Jeg) (g + Jen) (g + Fea) ‘

=14+

Setting
5, _ ki — ki1

0; = n; + 1521 + 0, here = —, 4.36
GRROE v T itk (430
we can write f as
fo=1+e" + e 4 k2301103, (4.37)
where
ki — k) (k; — k) (ki — k) (ki — km

(Ki + k) (i + K) (Rj 4 ko) (kg + k)
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Similarly, we can write the three-soliton solution for the bilinear generalized JM equation (4.3). Let

us choose c12 = ¢34 = c56 = 1, otherwise ¢;; = 0, then we can rewrite f3 as

fo=1+ el + els + V3 + k%%€61+93 + k?ge91+95 + k§g€93+95 + ki’cgge@1+93+95’ (4.39)
where

klmn _ k.plkmn 4.40

ijp = Righij Vol - (4.40)

. Im . . . .
Now putting k‘f;” = & we get the following formula for the N-soliton solution to the bilinear

generalized JM equation (4.3):

!/
fy = ZE(ZL U2i7102i71+252<l;jil<m Kf]ml%‘m)’ (4.41)
where Z' is the sum taken over all possible combinations of ;11 = 0,1, pus =0,1,--- , uony = 0,1,
and Zfijﬁkm is the sum taken over all 4, j,l,m (i < j < [ < m) chosen from {1,2,--- ,2N}.

Furthermore, the (3+1)-dimensional generalized JM equation (4.1) has the N-soliton solution

u=(Infn)sz. (4.42)

The following three Figures of three dimensional plots and two dimensional contour plots show
the Pfaffian solutions defined by (4.42) on the indicated specified regions, with certain values chosen
for the parameters. In the contour plots, we can see the interaction regions of the involved soliton

solutions.
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Figure 3.: Three-soliton solution : k1 = 2,ky = 3,k3 =4,ks =7, ks = 1,kg = —5,a = %, r=4,t=3.

48

z 471

467
-100

454,
-100

@ ' @ y

Figure 4.: Three-soliton solution : ki = 1,ky =2,k3 =3,ky =4,ks =5,kg =6,a = Z-, o =5,t =T.
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Figure 5.: Three-soliton solution : ky = —5,ky = —4,ks = —3,ks = —2,ks = 1, ks = —6,a = 2,2 =
—2,z=3.

4.4 Pfaffian Solutions to a (3+1)-Dimensional Pfaffianized Jimbo-Miwa System

In this section, we would like to apply Pfaffianization procedure to the bilinear generalized JM
equation (4.3) which is similar to what we did for the generalized vcKP equation in the previous

chapter. Wronski-type and Grammian type Pfaffian solutions will be formulated and both of these
solutions are totally based on the two Pfaffian identities (3.24) and (3.25).

4.4.1 Pfaffianization and Wronski-type Pfaffian Solutions

Consider a Wronski-type Pfaffian solutions

fN:(1727 72N)7

whose Pfaffian entries satisfy the following linear condition:

5, (60) =@+ 1,7)+ (65 +1), (4.43a)
;y(i,j) = (i +2,7) + (4,7 + 2), (4.43b)
%(i,j) = —2[(i +3,5) + (4,5 + 3)], (4.43¢)
5, (00) = (1+4,5) +(i,7 +4). (4.43d)
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We deduce the following differential rules for the Wronski-type Pfaffian under the condition

(4.43):
o 2N
%(ilai%'“ 7i2N) = Z(ilai%"' Jig+ 1, ,iQN), (4.44a)
k=1
b 2N
@(ilaiZa"‘ VigN) = Y (i1,dg, iR+ 2,0 ian), (4.44b)
k=1
9 2N
oz ian) = =23 (inda, o yik 43,00 o), (4.44¢)
k=1
o 2N
&(i]nlév”' aiZN) = Z(il,i%‘” )ik +47 57:2]\7)' (444d)
k=1

In the next theorem, we present a Wronski-type Pfaffian solution to a coupled system for the

(3+1)-dimensional generalized JM equation under the sufficient condition (4.43).

Theorem 4.4 Let the Pfaffian entries (i, j) satisfy the conditions (4.43). Then

u=2(Inf)s, v=g/f, w=nh/f, (4.45)
where
h=hy=(1,2,--- 2N +2), (4.48)

solve the following Pfaffianized JM system of nonlinear equations

Uzzy + BUggplly + 3UglUzy — Uyt — 3Ug. + 12(wW0y — VWy), =0, (4.492)
— V¢ + 3UzVsp + Vgzg + 3Vzy + 3vuy = 0, (4.49b)
— Wi + 3UgWy + Weze — 3Wey — 3wuy = 0. (4.49¢)
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Proof: Under the dependent variable transformation given by (4.45), the Pfaffianized JM system

(4.49) can be mapped into the following system of bilinear equations:

(D3D, — D,D; —3D,D,)f - f +12D,g-h =0, (4.50a)
(D3 — Dy +3D,Dy)g- f =0, (4.50b)
(D2 — Dy — 3D, Dy)h- f = 0. (4.50c)

Based on the differential rules (4.44), we can compute various derivatives of the Pfaffian fy =

(1,2,---,2N) with respect to the variables z, y, z and ¢:

fne=(1,2--- 2N —1,2N +1),
fyee = (1,2,--- 2N —1,2N +2) + (1,2,--+ ,2N — 2,2N, 2N + 1),
fNzer = (1,2, 2N — 1,2N +3) +2(1,2,--- ,2N — 2,2N, 2N + 2)
+(1,2,--- ,2N —3,2N —1,2N, 2N + 1),
vy =(1,2,--- 2N —1,2N +2) — (1,2,--- ,2N — 2,2N, 2N + 1),
fyve=-2[(1,2,--- ,2N —1,2N +3) — (1,2,--- ,2N — 2,2N,2N + 2)
+(1,2,---,2N — 3,2N — 1,2N, 2N + 1)],
fo=—(1,2,--- ,2N —4,2N —2,2N —1,2N,2N + 1) + (1,2,--- ,2N — 1,2N + 4)
+(1,2,--- ,2N —3,2N — 1,2N,2N +2) — (1,2,--- ,2N — 2,2N, 2N + 3),
foy = (1,2,--- 2N —1,2N +3) — (1,2,--- ,2N — 3,2N — 1,2N, 2N + 1),
fer=—(1,2,--- ,2N —5,2N — 3,2N — 2,2N —1,2N,2N + 1)
+(1,2,--- ,2N —3,2N — 1,2N +1,2N + 2)
+(1,2,--+ ,2N — 2,2N +1,2N +3) + (1,2,--- ,2N — 1,2N +5),
fyr=—2[(1,2,--- ,2N —4,2N —2,2N — 1,2N, 2N + 2)
—(1,2,--- ,2N —3,2N —1,2N + 1,2N +2) + (1,2,--- ,2N — 1,2N +5)
+(1,2,--- ,2N —2,2N +1,2N +3) — (1,2,--- ,2N — 2,2N,2N + 4)

—(1,2,--- ,2N —5,2N — 3,2N + 1)],
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fowy = (1,2,-+ 2N —2,2N,2N +3) + (1,2,--- ,2N —1,2N + 4)
—(1,2,-+- ,2N —4,2N —2,2N — 1,2N, 2N + 1)
+(1,2,--+ ,2N — 3,2N — 1,2N, 2N + 2),

fovay = (1,2, ,2N —5,2N — 3,2N + 1)
+(1,2,--- ,2N —2,2N +1,2N +3) + (1,2,--- ,2N — 1,2N + 5)
—(1,2,--+,2N —3,2N — 1,2N + 1,2N + 2)

—2(1,2,-++ ,2N —4,2N — 2,2N — 1,2N, 2N + 2).

Therefore, by substituting the above derivatives in the left hand side of the first equation in the

bilinear Pfaffianized JM system (4.50), we obtain

(D3D, — D,D; —3D,D,)f - f+12D,g-h =

~12[(1,2,--- ,2N — 3,2N — 1,2N + 1,2N +2)(1,2,--- ,2N)
—(1,2,--+ ,2N —3,2N — 1,2N, 2N + 2)((1,2,--- ,2N — 1,2N + 1)
+(1,2,--- ,2N —3,2N —1,2N,2N +1)(1,2,--- ,2N — 1,2N +2)
—(1,2,--- ,2N +2)((1,2,--- ,2N — 3,2N — 1)]

—12[(1,2,+-- ,2N — 2,2N +1,2N + 3)(1,2,--- ,2N)

—(1,2,--+ ,2N — 2,2N,2N + 3)((1,2,--- ,2N — 1,2N + 1)
+(1,2,---,2N —1,2N +3)(1,2,--- ,2N — 2,2N, 2N + 1)

—(1,2,---,2N —2)((1,2,--- ,2N + 1,2N + 3)] = 0.

The last equality is gotten by employing the Pfaffian identity of type (3.24).

But the second equation in the bilinear Pfaffianized JM system (4.50) is equivalent to the Pfaffian

identity of type (3.25), indeed:

(D3 — Dy + 3Dy Dy)gn - fn
= (gN,mxm —gNt + 39N,xy)fN - (39N,zm + 39N,y)fN,m

+gN,$(3fN,ac$ - 3fN,y) - gN(fN,xa:ac - fN,t - 3fN,$y)
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=6[(1,2,---,2N —3,2N + 1)(1,2,--- ,2N — 3,2N — 2,2N — 1,2N)
—(1,2,-+- ,2N — 3,2N)(1,2,--- ,2N —3,2N — 2,2N —1,2N + 1)
+(1,2,--- ,2N = 3,2N — 1)(1,2,--- ,2N — 3,2N — 2,2N, 2N + 1)

—(1,2,--+,2N —3,2N —2)(1,2,--- ;2N — 3,2N — 1,2N,2N + 1) = 0.
Similarly, the Pfaffian identity of type (3.25) gives

(1,2,--- 2N —1,2N +3)(1,2,--- ,2N — 1,2N,2N +1,2N +2)
—(1,2,--+,2N — 1,2N + 2)(1,2,--- ,2N — 1,2N,2N + 1,2N + 3)
+(1,2,--- ,2N — 1,2N + 1)(1,2,--- ,2N — 1,2N, 2N + 2,2N + 3)

—(1,2,--- ,2N —1,2N)(1,2,--- ,2N —1,2N 4+ 1,2N + 2,2N + 3) = 0,
which is equivalent to
(D — D, — 3D, D,)hy - fy = 0.

Therefore we have shown that f = fn,9 = gy and h = hp solve the bilinear Pfaffianized JM
system (4.50) under the condition (4.43), which implies that u, v, and w solve the Pfaffianized JIM

system of nonlinear differential equations (4.49), and this completes the proof of the theorem. [

In particular, one can choose the following Pfaffian entries

M
(i,9) =Y (@ v — 6P, 4.51)

k=1

with M € N being arbitrary and ¢, and 1)y, satisfying

Ghy = 00, s = =200, dp. = oL, (4.52)
Yy =0, = =20, p. =Y, (4.53)

where qﬁ,(f) and w,(j) are the ¢-th derivatives of ¢ and 1), with respect to x respectively. It is easy
to see that all (4, j) satisfy the condition (4.43). Examples of such functions ¢ and v can be the

following:

p
¢ =Y _dije"i, mi; = kijz + ky + aklz — 2k, (4.54)
7=1
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q
Vi = Z ejieCjz‘, Gi = ljiz + l?iy + al;ﬂ-z - 2l§?it, (4.55)
i=1

where d;; , ej; , ki; and [; are free parameters and p, ¢ are two arbitrary natural numbers.

4.4.2 Gramm-type Pfaffian Solutions

In this section, we would like to discuss another class of Pfaffian solutions, Gramm-type Pfaffian

solutions for the (3+1)-dimentional Pfaffianized JM system (4.49), which could be introduced as

f=fv=(12,---,2N), (4.56a)
g=gn = (c1,¢0,1,2,--- ,2N), (4.56b)
h:hN: (d07d171727'” 72N)7 (4560)

with the Pfaffian entries being defined by

(i,7) = cij + [T (¢ith; — djbi)dx,  ¢;j = —cji, ¢ij = constants,
(dn,i) = Lz iy (cnyi) = 2wt (4.57)

(dm,dn) = (€ms cn) = (cm, dn) =0,

where the lower limit in the above integration is chosen so that the functions ¢;, 1; and their deriva-

tives are zero at the lower limit.

Theorem 4.5 Let ¢;, v; satisfy the following condition

Qbi,y = ¢i,mza ¢i,z = ¢i,xxx:):> ¢i,t = _2¢)i,xmﬁa (4583)
7vZJ’L',y = _¢i,:px7 77ZJ’L',,Z = _¢i,xxxm> wi,t = _2wk,zmc- (458b)

Then fn,gn and hy defined by (4.56) and (4.66) solve the (3+1)-dimensional bilinear Pfaffianized
JM system (4.50).
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Proof: Based on the Pfaffian entries defined by (4.66) and the condition (4.58), we compute deriva-

tives of the Pfaffian entries with respect to x, y, 2, t:

ai(i,j) = ¢ithj — ¢jbi = (co,do, 4, ),
S 6) = [ (Gut + dutsy — s — 00,)do
= [ Gty + Sar = bt — 3002
= GiaVj — Ptz — Gjathi + PjVia
= (co,d1,1,7) — (c1,do, 4, J),
a.,. . v
5r1009) = [ @ity + 05— 0005 — 00
= =2 [ (Guanaty + 030102 — Gt — Gytiaas)
== =2[$i za¥j — Pjaati — PiaVje + BjaVia + Pitjae — B Vil
= —2[(co, d2,14,J) — (c1,d,1,7) + (c2,do, 3, j)],
S0) = [ nety + b — 03— byt
= [ Gareats + 6tz = jaaats = Ogbiases)i
= Grnosts — Bimasthi — Dibimas + $itimss + BisBims — Giotias
65 matlie — dizatiia

= (CO7d37i7j) - (C3ad07iaj) + (C2vd1>i7j) - (Clﬂd2aiaj)'

Now we can develop differential rules for the Pfaffians, and compute various derivatives of the

Gramm-type Pfaffians fy = (1,2,--- ,2N) with respect to the variables z, y, z, t as follows:

fNz = (co,do, @),

IN gz = (co,d1,®) + (c1,do, »),

INazz = (co,d2,®) +2(c1,dq,®) + (c2,dp, ®),
Iny = (co,di,®) — (c1,do, »),

Ine = —2[(co,dz,®) — (c1,dy, ) + (c2,dp, »)],
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Inz = (co,dsz,®) — (c3,dp, ®) + (c2,d1,8) — (c1,dp, ®),
Inty = —2[(co,ds,®) — (ca,dp, ®) + (c3,d1,8) — (c1,d3, )
+(e2, do, o, dy, ) — (co,dq, c1,do, ®)],
INzy = (co,d2,®) — (c2,do, »),
[Nz = (co,ds, ®) — (ca,dp, ®) + (c2,d1,co,dp, ®) — (c1,d2, co, do, ®),
IN ey = (co,d3,®) — (c3,do, ®) + (c1,d2, @) — (c2,d1,0),
INzazy = (Co,ds,®) — (ca,dp,®) —2(c3,d1,0) + 2(c1,d3, @)
—(co,da;, c1,do, ®) + (c2,do, co, d1, ),
where the abbreviated notation e denotes the list of indices 1,2,--- ,2N common to each Pfaf-
fian. By substituting the above derivatives in the left hand side of the first equation in the bilinear
Pfaffianized JM system (4.50), we can compute
(D3D, +2D,D; —3D,D,)f - f +12D,g-h =
12[(co, do, c2,d1,e)(®) — (co, do, ®)(ca,dq, @)
+(co, c2,0)(do, d1,®) — (co,d1, ®)(do, c2, )]
—12[(co, do, c1, da, ®)(®) — (co, do, ®)(c1,d2, )

+(co, c1,9)(do, dz, ®) — (co, d2,®)(do, c1,e)] = 0.

The last equality is gotten by employing the Pfaffian identity of type (3.24).

Similarly, one can show that
(D3 — Dy +3DyDy)gn - [
= (9Nzex — Nt + 39N 22) [N — (39N wx + 39N .2) [N
+9Ne(3fNee — 3fN,2) — N (fN gz — [Nt — 3fNzz)
= 6[()(c2,c1,c0,do, ®) — (c2,c1,)(co, do, ®)
+(c2, co, ®)(c1,do, ®) — (c1,co,®)(c2, do, ®)] = 0.

The last equality is nothing but the Pfaffian identity of type (3.24). By interchanging ¢ and d in the
above equation, we can verify that fx and hx solve the third equation in the bilinear Pfaffianized

IJM system (4.50).
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Therefore, we have shown that fx, gy and Ay defined by (4.56) solve the (3+1)-dimensional
bilinear Pfaffianized JM system (4.50) under the conditions in the theorem. ]
Since the system (4.58) is linear, examples of the generating functions for the Pfaffian entries can

be easily computed as follows:

p
bi = Z dije", nij = kijx + k‘ij + k:sz - 2k§jt, (4.59)
=1
q
¥ = Z e, Gi = ljiw — Uy — 1,2 — 213t, (4.60)
=1

where d;; , ej; , ki; and [; are free parameters and p, ¢ are two arbitrary natural numbers.

4.4.3 Jimbo-Miwa Equation with Variable Coefficients

In this section, we are going to consider the following Jimbo-Miwa (JM) equation with variable

coefficients
a1 () Uzzay + 32(t) (Ugtly)z — Uyt — 33 (t)ug + 201 (t)uy = 0, (4.61)

where «;,7 = 1,2, 3,4, are nonzero arbitrary smooth functions. Through the dependent variable

transformation
(o1 (t
as(t)

the above (3+1)-dimensional equation is mapped into a Hirota bilinear equation

~—

u=2

(In )z, (4.62)

(a1 (t)D3Dy — DyDy — 3a3(t)D,D,)f - f =0, (4.63)

under the constraint:

ai1(t) = Coas(t)e™ ) @a®dt, (4.64)

where Cj # 0 is an arbitrary constant. The equation (4.63) can be extended to the following system

(a1 (t)D2Dy — DyDy — 3a3(t)DyD,) f - f + 12aa3(t)Dyg - h = 0, (4.652)
1 3

D} ——_D;,+5D,D)g-f=0 4.65b

( x ai (t) t + a y)g f ) ( )
1 3

D}— —_D;,—=D,D,)h-f=0. 4.65

( T ai (t) t a y) f 0 ( C)
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As in Theorem 4.4, it can be verified that the above Pfaffianized system has the following Wronski-

type Pfaffian solutions
fN: (1727"' 72N)7 gN = (1727"' a2N—2)7 hy = (1727"' 72N+2)7

whose Pfaffian entries satisfy

%(i,j):(iﬂ,jw(i,jﬂ),

d .. . aag(t) . N4 (i
%(Z,j) - a13(t) [(i +2,7) + (4,5 + 2)],
%(i,j) = —2a1(1)[(i + 3,4) + (4,5 + 3)],
0

5o (0:0) = al(i+4,) + (1. +4)],

where a is an arbitrary nonzero constant.
Similarly, as in Theorem 4.5, one can prove that the above bilinear Pfaffianized system has the

following Gramm-type Pfaffian solutions
fN = (1727 72N)7 gN = (6176071a2a"' 72N)> hy = (d07d171127"' 72N)>
where the Pfaffian entries are defined by

(i,7) = cij + [T (¢ith; — djbi)dx, ¢ij = —cji, cij = constants,
(dnv ) 81}” ¢’Lv (CTLa ) (’-)xn ¢’L7 (466)
(dm>dn) = (Cmacn) = (Cmadn) =0,

where the lower limit in the above integration is chosen so that the functions ¢;, v; and their deriva-

tives are zero at the lower limit, with ¢; and v; satisfying

Qbi,y = a(j?)(( )) sz T Qbi,t = _2a1(t)¢i,mcma ¢i,z = a¢i,zx:pxa (4.67a)
wi,y = aa3( )¢z T wi,t = —2a1(t)¢i,x:ca:v Q;Z)i,z = —a¢k,x$mm~ (467b)

ay(t)

Examples of such Wronski-type and Gramm-type Pfaffian entries have been given as in the previous

sections.
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Chapter 5
Double Wronskian Solutions for a (2+1)-Dimensional Boussinesq System with Variable

Coefficients

The Wronskian technique has been applied to many soliton equations such as the KdV, MKdV, NLS,
derivative NLS, KP, sine-Gordon and sinh-Gordon equations. Within Wronskian formulations, soli-
ton solutions and rational solutions are usually expressed as some kind of logarithmic derivatives
of Wronskian type determinants and the determinants involved are made of eigenfunctions satis-
fying linear systems of differential equations. This connection between nonlinear problems and
linear ones utilizes linear theories in solving soliton equations. In Refs.[86] and [46], the notion of
double Wronskians was presented. In 1983, Nimmo proved that the NLS equation has the double
Wronskian solution [16].

In view of some variants of Boussinesq systems studied in [87] and [88], we consider, in this

chapter, the following (2+1)-dimensional system of nonlinear equations:
ur + a1 () ugy + a2(t) (uw)y + as(t)vy =0, (5.1a)
v + B1(t) (wug + 2vuy + uvy) + Bo(t) (ugwy — (uy)Q) + B3(t)vey + Ba(t)tgyy =0, (5.1b)
where w, = u, and construct double Wronskian solutions under a certain constraint on the variable
coefficients.
When y = z, the system (5.1) is reduced to the following variable coefficients variant Boussinesq
model in the long gravity water waves:
ug + ap (H)uge + az(t)(u?)e + az(t)v, =0, (5.2a)
v+ 261 (8) (wv)y + B3(t) vy + Ba(t)tuger = 0, (5.2b)

In [91], the authors applied the symmetry method based on the Fréchet derivative of the differential

operators to deduce Lie symmetries of the reduced system (5.2). In their investigation, the authors
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of [88] used the double Wronskian technique in order to explore multi solitonic solutions for the
reduced system (5.2).

Model (5.2) has been derived for describing the nonlinear and dispersive long gravity waves
traveling in two horizontal directions in shallow water with varying depth [89]. Yao and Li [90]
used a direct algebraic method to construct some traveling wave solutions for the reduced system
(5.2) with a3 = 200 = 281 = 1 and a1, B3, 54 are arbitrary constants. In [92], Zhang used the
homogeneous balance method to deduce the multi solitary wave solutions when 2ais = a3 = 231 =
B4 =1, and oy = B3 = 0. The Kupershmidt equations [92, 93] and Levi equations and Whitham-
Broer-Kaup shallow water model [94]-[96] are also special cases of model (5.2). Multiple soliton-
like solutions for the following (2+1)-dimensional dispersive long wave equations were constructed

in [97]

Uty + Vgz + Ugly + Ulgy = 0, (5.3a)

v + (U0 + U+ Ugy )y = 0. (5.3b)

In our investigation, we are going to use the double Wronskian technique to explore an exact
N-soliton solution for the (2+1)-dimensional variable coefficients system (5.1) after transforming
the general system into a bilinear form using the Hirota D-operators.

5.1 Transformations and Bilinear Form

Under the following dependent variable transformations:

u=——(lnp),, (5.4a)

v = 7b(1np)xy — Pg, (5.4b)

the general system (5.1) can be transformed into the system

1

P+ a(t)(5pay — gp*) =0, (5.5a)
1
g = a(t) (5 8wy — pg®) = 0. (5.5b)
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It is not hard to verify that if p and ¢ are solutions for the system (5.5), then v and v defined by

(5.4) are solutions for the general system (5.1) under the following constraint:

on(t) = —Bs(t) = %A = b), Ba(t) = b"L (b - 2), (5.6)

where a(t) is an arbitrary smooth function and b is a nonzero arbitrary constant.

Under the following rational transformations,

g h
b= q= - (57)
f f
the system (5.5) is transformed into the following bilinear form,
D,D,f - f+2gh =0, (5.8a)
1
(D + §a(t)Dny)g - f=0, (5.8b)
1
(Dy — §a(t)D;,;Dy)h -f=0, (5.8¢)

where D, D, and D; are Hirota bilinear differential operators.

5.2 Double Wronskian Solutions

For the sake of convenience, we adopt Freeman and Nimmo’s notation for the double Wronskian

determinant [15, 16],
WN+17M+1(¢; ¢) = det(¢a a¢a U ,6N¢7 @Z}, 61[)7 U aan/)) = |N7 M‘a

where ¢ = (¢1($), ¢2($), to 7¢N+M+2)T and 1/} = (wl(x)’ wg(l’), T 7¢N+M+2)T'

In the next theorem, we present a double Wronskian solution for the bilinear system (5.8) under

a sufficient condition defined by a system of linear parial differential equations.

Theorem 5.1 Let ¢ and 1) satisfy the following linear system

O = —Ko, ¢y =y, ¢p= _A(t)¢xx7 (5.92)
Ve = Ko, by =1z, = B(t)Ysa, (5.9b)
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where K = (Kij)(N+M+2)x(N+M+2) IS a matrix with arbitrary constant entries k;j, A(t) =

(@i (1)) (N4 M+2)x (N+M+2) I8 a matrix with arbitrary smooth function entries and Zij\f{MJ“Q aii(t)

a(t), but B(t) = (bij(t))(N+M+2)x (N+M+2) IS @ matrix with entries defined to be

aij(t)a lf =7,

b () = re
—a;j(t), if i#j.

Then the following double Wronskian determinants
f=WEEE Grp), g =2WN M (Gry) and b= —2W TR ()
solve the bilinear system (5.8).

In order to prove this theorem, we need the following lemmas [98].

Lemma 5.2 Let B be an N x (N — 2) matrix, and a,b, c and d represent N-dimensional column

vectors. Then

|B,a,b||B,c,d| —|B,a,c||B,b,dl + |B,a,d||B,c,b| = 0. (5.10)

Lemma 5.3 Suppose = is an N x N matrix with the column vector set of Z;,€) is an N x N
operator matrix with the column vector set of ); where each entry §);s is an operator. Then we

have

[1]

= 1@"); ==, (5.11)

N
J=1

N
> 19
=1
where for any N —dimensional column vectors A; and Bj, we define

Aj o Bj = (AljBlj; AngQj, s ,ANjBNj)T, (5.12)

and

‘Aj *E’ = El,'-- ,Ej—l,Aj OEijj—Ha' c ,EN . (513)

Let ¢ and 1) satisfy the conditions (5.9) and set

[1]

= WV (600), Q= (Qu) (v arpoyx (v ar42), (5.14)

where
— 0y if 1<i<N+M+2,1<7<N+1

Oz if 1<i<N+M+2ZN+2<;j<N+M+2.
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Then, by Lemma 5.3, we have

b1 02 151 93"
N+M+2 ) ’ : : .
Do Oety e SO Tepony o 0Ny
=1 ; - ; .. : (5.15)
ONiMr2 o Oy ONyMa2UONtMr2 o O UN a2
= —|[N—1L,N+ LM +|N;M—1,M+1]|.
By the conditions (5.9), the left hand side of the above equality is equal to
P N p1; 41 A
N+M+2 |[N+M+2 N+M+2 N+M+2 N+M+2
S0 ks o DD kadNen > kutr - > koM
J=1 I=1 =1 =1 =1
ON+M42 O DN M2 UN M2 e O N
N+M+2 -
== Z k?jj|N; M‘
j=1
Hence, we have the following identity
wK|N; M| =—|N —1,N + 1; M|+ |N; M —1,M +1]. (5.16)

In order to simplify the notations and save space, we are going to use the following notations for
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Wronskian determinants:

di = |N; M|, dy:=|N—1,N+1 M|, dy:=|N;M—1,M+1],
dy:=|N—2,N,N+1;M|, ds:=|N—1,N+2M|,
dg:=|N—1,N+LM—1,M+1|, d7:=|N;M—2,M,M+1]|,
dg = |N; M —1,M +2|, do:=|N+1;M —1],
d10::|]/\7,N+2;J\7—\1|, d11::|]m;m,M\,
dis:=|N—1,N+1,N+2M—1|, dig:=|N,N+3M—1],
dig = |N,N+2;,M —2,M|, di5:=|N+1;M—3M-1,M|,

dig := \]7—1—\1;]\7—\2,M+1], di7 == ‘]ﬁ,m‘
Noticing the following

|N; M|(wrK)?|N; M| = (wk|N; M|)?,
(KN +1; M — 1||N; M| = uK|N + 1; M — 1|uK|N; M],

(KN M||N + 1; M — 1| = wK|N + 1; M — 1|uK|N; M],

and using the identity (5.16), we get the following three identities:

(ds + ds — 2dg + d7 + ds)dy = (do — d3)?, (5.17)
(di2 + di3 — 2d14 + di5 + dis)dy = (d1o — d11)(d2 — d3), (5.18)
(d4 +ds — 2dg + d7 + dg)dg = (d2 — dg)(dlo — dn). (5.19)

Now we are ready to prove Theorem 5.1.

Proof of Theorem 5.1: Under the linear conditions (5.9) we can compute the following derivatives

fe=do+ds, feoy=ds+ds+2de+dr+ds, gz=2dio+2d1
Jt = —a(t)(—=ds +ds +d7r —dg), g =2a(t)(di2 — di3 — di5 — di)

Gzy = 2d12 + 2d13 + 4d14 + 2d15 + 2d36.

Using the identity (5.17) and Lemma 5.2, we can verify the first equation in the bilinear system
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(5.8), indeed:

Dny(f : f) + 2gh = 2ffzy - 2f:cfy + 29h
= 2dy(dy + d5 + 2dg + d7 + dg) — 2(da + d3)* — 8dgd:7
= Q(dg — d3)2 + 8dydg — 2(d2 + d3)2 — 8dydy7

= —8(d2d3 — dydg + d9d17) =0.

In order to prove the second equation in the bilinear system (5.8), we need to employ the identities
(5.18) and (5.19) to compute that

1
(9¢ + 5a(t)gzz) f = a(t)di(3di2 — diz — dus + 3di + 2d1a)

= 4a(t)dy (d12 + dig) — a(t)(d12 + di3 + dis + dig — 2d14)
= 4a(t)d1(d12 + d16) — a(t)(dl() — dll)(dg - d3),

1
(§a
= 4a(t)d9(d5 + d7) — a(t)dg(d4 + d5 — 2d6 + d7 + dg)

() fzz — ft)g = a(t)dy(—ds + 3ds + 2ds + 3d7 — dg)

= 4a(t)d9(d5 + d7) — a(t)(dm — dll)(dg — dg)
Hence the second equation in (5.8) reduces to
1
(Dt + Ea(t)Dny)g - f= 4a(t)([d1d12 — dodqg + d9d5] + [d1d16 —dsdqi1 + d9d7]),

and again by Lemma 5.2 the right hand side of the above equality is zero. Similarly the third
equation in (5.8) can be verified. Therefore, we have shown that the double Wronskian determinants

f, g and h solve the bilinear system (5.8) under the linear condition (5.9). ]

5.3 Soliton Solutions in Double Wronskian Form

In this section, we are going to give soliton solutions obtained from the double Wronskian solutions.

The linear system (5.9), given in Theorem 5.1, has the following solution

¢ = e~ (Kot Ky+ K2 [AWd) o) — Kot Ky+K® [ B(t)dt (5.20)

where CT = (C1,Cs,...,Cnynaz) and DT = (D1, Dy, ..., Dyypri2) are arbitrary real con-

stant vectors.
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If K = diag(/ﬁ, ko, ..., kN+M+2) and A(t) = diag(al (t), ag(t), .. ,aN+M+2(t)), then we have
o} :Cjefnj, (8 :Dje?, j=12.... N+ M+ 2, 5.21)

where n; = k‘jl’ + l{ijy + k‘? f a; (t)dt.

Taking N = M =0, C; = Dy = Dy = 1 and C> = —1, we have the one-soliton solution

VAR AN

2 cosh(ng —m) /=

1 ( ko — kl)ef(mﬂlz)
cosh(na —m)

>xy — (kg — k1)?sech?(ny — n1).

Bytaking M =1,N =0and C; = D; = 1,i = 1,2, 3, we get the two-soliton solution

1 (kg — kg)em—m27m — (kg — kg)e—n1+n2—n3 + (k1 — k;g)e_”l_"2+’73
“= _5(1 (kg — ko)e—mAm4ns — (ks — ky)em=m24ms + (kg — ky)em+m2=ms )ac
<k2 — k3)e771*772*773 _ (kl — ]{3)6*771%72*773 + (kl — k2)6*7]1*772+773
(ks — ko)e—mAmtns — (kg — ky)em—m2413 4 (kg — ky)em+m—ms )xy
(/{2 — k3)€2m — (k‘l — /63)62772 + (kl - /{2)62773

2
((k3 — ko)emmAmAns — (kg — ky)em =23 + (kg — kl)@m+n2—n3>

1
v = §b<ln

+ 4K

where x = H (kj — ki).

1<i<j<3
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Chapter 6

Conclusions and Remarks

In this dissertation, we have used the Wronskian and Pfaffian techniques to formulate exact solutions
to a few generalized soliton equations. In order to give more general results, we have extended the
well known equations and systems like the KP and JM equations and Boussinesq system to higher
dimensions with variable coefficients. Besides that, we have also extended the first two equations
to nonlinear Pfaffianized systems by using the Pfaffianization procedure and gave different types of
Pfaffian solutions.

Under a certain constraint on the variable coefficients, we have verified that the (3+1)-dimensional

generalized vceKP equation
(ut + a1 () Uggy + 3aa(t)uzty)s + az(t)ury — au(t)uz, + os(t) (ug + as(t)uy) =0

has two classes of exact determinant solutions. One has been formulated in Wronskian determinant
form and the other, in Grammian determinant form. Indeed, we have shown that the above vcKP
equation was reduced to the Pliicker relation for determinants and the Jacobi identity for determi-
nants in the cases of the obtained Wronskian and Grammian determinant solutions. In our solutions,

there is a free parameter a which satisfies
3a1(t) — a®as(t)ay(t) # 0, for all values of ¢.

Theorems 3.5 and 3.6 present the main results on these Pfaffian solutions.

We remark that in order to get more solutions to the above generalized vcKP equation, we have
tried to replace arbitrary constants with arbitrary functions in . But we faced a problem with a
compatibility condition of the system of the linear differential equations (3.44). It is unavoidable
that 3—‘1* must be a constant. Actually, while computing the derivative fy 4, without this condition,
the term

a?d oy ——
——(—)|N —-2,N
IV =2, N|
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would appear and the vcKP equation could not be reduced to the Pliicker relation for determinants
or the Jacobi identity for determinants, not only that but also fy ty, # [ yt-

In particular, if we put @1 = as = ag = a4 = 1 and a5 = 0, then we will get an equivalent
solution to the one given in Theorem 2.1 in [21] with a condition on the parameter a, which accepts
any real number except ++/3 for a.

On the other hand, if we choose a; = a9 = ag = a4 = —1 and a5 = 0, then we will have the

equation
Ugzzy T B(Umuy)x — Uty + Uty — Uyy = 0.

Note here that the coefficient of the term u;, is —1. Using Theorem 3.5, one can get the following

Wronskian solution

U:2(1HfN)g;, fN = W(¢17¢27”' 7¢N)7

where

p 2
B 1 4a
¢i =Y dige",mij = kijw — <a’kijy + akiz — kit
P 3 a®+3

d;; and k;; are free parameters, and p is an arbitrary natural number. There are not any restrictions
on our parameter a here.
The (3+1)-dimensional generalized vcKP has been extended to the following system of nonlinear

differential equations:

(ug 4+ o1 (O)ugay + 3o (t)uzpty)s + az(t)uy — as(t)us,

t t
Fas(t) (g + as(t)uy) = —8a2 24D )y
ax(t)
2 as(t) 3 as(t)
— 3—-= — =0
ﬁ(t)vt + () UgVp + Vg + a(vm + al(t)vuz) ,
a(t) ax(t)
— 3—-= - = =0
ﬁ(t)wt + () Ug Wy + Wapg a(wm + o (t>wuz) ,
which we call the Pfaffianized (3+1)-dimensional vcKP system. Through the dependent variable
transformation
ar(t
u=2 1()(lnf)gc, v=g/f, w="h/f,

as(t)
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and under the constraint:
Oél(t) = C()Ctg (t)e_ fa5(t)dt7
this extension has been mapped into the following bilinear Pfaffianized form:

(al(t)DgDy + DDy + a3(t) DDy — a4(t)Dz)f = —8a2a4(t)gh,

(D3 + ﬁ?t)Dt + ngDz)g . f=0,
(D3 + ,8?1&)Dt - %DxDz)h -f=0.

Theorem 3.7 presents the following Wronski-type Pfaffian solutions for the above bilinear Pfaf-

fianized system:

whose Pfaffian entries satisfy

5o (00) = (i +1.0) + (i, + 1),

9 . . dlaylt) . N

oy "9 = ey B H G DL
(fz(m):a[(i+2,j)+(i,j+2)],

0

579) = O +3.9) + (1.5 +3)],

where

B 4a” o (t)oua(t)
B(t) - 304 (t) — a2043(t)044(t> ‘

Another type of Pfaffian solutions, called Gramm-type Pfaffian solutions, has been given in The-
orem 3.8 as follows
fN:(]-a2a"')2N)7 gN:(0150071727"'52N)5 hN:(dOad171727"'52N)5
where the Pfaffian entries are defined by
x
(i,7) = cij +/ (ith; — ¢j¢pi)dw,  cij = —cji, ¢;j = constants,
. " . "
(dn,l) = %‘bza (sz) = %wh
(dm>dn) = (Cmacn) = (Cmadn) =0,
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with ¢; and ¢); satisfying

2
(bi,y = _Cz))océkf((f))d)i,xa ¢i,z = ad)i,:mm ¢i,t = B(t)¢i,zzxa

a’ay(t)

YT B,

wi,xa wi,z = _awi,x:pa T;Z)i,t = B(t)wk,azxx

Examples of such Wronski-type and Gramm-type Pfaffian entries have been presented.

In both results, Theorem 3.7 and Theorem 3.8, it is unavoidable that g—;‘ must be constant. Actu-
ally, without this condition we will get fn 1y # fN,yt-

We remark that the resulting system contains a free parameter and this characteristic implies that
Pfaffianization does not have the uniqueness property.

Since the Pfaffianization procedure depends on the the two kinds of Pfaffian identities mentioned
in the first section of chapter three, an interesting question for us is whether there exist other kinds
of Pfaffian identities which can be used to formulate new kinds of Pfaffian solutions for nonlinear
partial differential equations.

We have computed a bilinear Bicklund transformation for the (3+1)-dimensional generalized KP

equation
Ugzzy + 3(u$uy)ax + Uz + Uty — Uzz = 0.

The facts used in our construction are the exchange identities for Hirota bilinear operators. The
obtained bilinear Bicklund transformation consists of six bilinear equations and involves nine arbi-
trary parameters. It is therefore a pretty large system, which in turn implies that the above (3+1)-
dimensional generalized KP equation should have diverse solutions. Indeed, two classes of expo-
nential and rational traveling wave solutions with arbitrary wave numbers have been constructed
from the proposed bilinear Bicklund transformation.

It is interesting to note that the condition (3.108) has a solution
k=l=m=0, w#0,
but this makes it impossible to solve (3.107). Therefore, the corresponding function
[=—wt
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provides a solution for the generalized bilinear KP equation (3.90), but it is not generated from the
bilinear Bicklund transformation (3.98) associated with f = 1. It is actually a limit solution of the
presented polynomial solutions.

We remark that the above (3+1)-dimensional generalized KP equation possesses linear subspaces
of exponential wave solutions [62, 63]. This shows a nice integrability property that nonlinear
equations normally do not possess. One can also get some nonlinear superposition formulas of
solutions generated from the proposed bilinear Bicklund transformation [84, 99], but it is hard to
prove that the resulting functions are solutions due to a large number of different equations involved
in the Bicklund transformation. To overcome this complexity, one should find a bilinear Bicklund
transformation consisting of a small number of bilinear equations. However, it is a very difficult
challenge for us to get a bilinear Béacklund transformation defined by a system of less than six equa-
tions, for example, two or three equations for the above (3+1)-dimensional generalized KP equation.
Some new specific exchange identities must be developed for use in merging terms resulted from
P = 0. There might also be other equations different from P = 0 which one can begin with to
formulate bilinear Bicklund transformations.

Similar to what have been done in Chapter 4, we have computed Wronskian and Grammian

solutions to the (3+1)-dimensional nonlinear equation of Jimbo-Miwa (JM) type
Uzzay + 3(Uplly)z — Uyt — 3Ug, = 0.

These solutions have been presented in Theorems 4.1and 4.2. Interestingly this equation has also

Pfaffian solutions, presented in Theorem 4.3, which says that
w=2(Infy)z, fn=(1,2,---,2N),
where the entries of the Pfaffian fj are defined by
(,7) = (i,4) = cij + /w Dy¢i - ¢jdx, 1,5 =1,2,---,2N,
—00

with ¢;j(= —cj; for i # j) are constants, D, is the Hirota D-operator and all ¢;, 1 < i < 2N,

satisfy the following linear system of differential equations

¢i,y = a/ ¢z($)dl’, ¢i,z = a¢i,ma (bi,t = ¢i,mzm7

where « is a nonzero parameter, solves the above (3+1)-dimensional JM equation. Examples of the

Pfaffian solutions were made, along with a few plots of particular solutions.
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We have also made the following extension

Uggy + SUzaly + FUzley — Uyt — SUy, + 12(wV; — vwy )y = 0,
— U + 3Uz Vg + Vpge + Uy + 3vuy = 0,
— Wy + UpWy + Wazy — 3Wzy — 3wuy = 0,
for the above (3+1)-dimensional JM equation by using the Pfaffianization procedure [48]. In The-

orem 4.4 we have presented our main result on Wronski-type Pfaffian solutions, which says that the

above (3+1)-dimensional JM system of nonlinear equations has the following solutions

u=2(In f),, v=g/f, w=h/f,

where

f:fN:(la2772N)7
g:gN:(172772N_2)7

h=hy=(1,2--,2N +2),
with the Pfaffian entries (4, 7) satisfy the conditions

o ,. . ) . .
%(Z,])—(Z-’*l,j)"‘(l,j-’*l),

o, . . . ..
%(l,j)—(l+2,j)+(l,]+2),

gt(z’,j) =2[(i+3,4) + (6,5 +3)],

aaz(i,j) = (i+4,5) + (i, +4).

The second result has been presented in Theorem 4.5, which says that the above (3+1)-dimensional

JM system of nonlinear equations has the following Gram-type Pfaffian solutions
u=2(In f)e, v=g/f, w=h/f,
where
f=fv=(1,2--,2N),

g:gN:(Cla0071727"' 52N)5
h‘:hN:(dOadlalan"' 72N)7
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and the Pfaffian entries are defined by

(1,7) = cij +/ (pihj — @j1bi)dx,  c¢;j = —cji, ¢;j = constants,
. o" . on
(dnvl) = @@a (CnaZ) = @7/1@7

(dim dn) = (s cn) = (e, dp) = 0,
where ¢;s and ;s satisfy the following linear conditions
Giy = Gizz, Giz = igazz, Pit = —20izax,
Yiy = —Yigz, Viz= Vigeze, Vit = —2Vk s
On the other hand, the (3+1)-dimensional veJM equation
a1 () Uggzy + 3a2(t) (ugpty)z — Uyt — 303 () ugs + 2c4(t)uy =0
has been transformed into the following bilinear form
(a1 (t)D3D, — DyDy — 3a3(t)D,D,)f - f =0,

under the constraint:

on(t) = Coan(t)e™ 24O,

where Cy # 0 is an arbitrary constant. This equation is extended to the following Pfaffianized JM

system

(a1 (t)D2Dy — DyDy — 3a3(t)DyD,) f - f + 12aa3(t)Dyg - h = 0,
1 3

D? Di+2D,Dy)g - f =

( xT O[l(t) t a y)g f 07

(D3_71 D—éDD)h'f——O
T (t) it '

Wronski-type and Gramm-type Pfaffian solutions have been given to the above bilinear Pfaffian-
ized JM system as we did for the constant coefficient JM equation.

The last result in this dissertation is given in Theorem 5.1, in which we introduced the following
new system of nonlinear partial differential equations which could be considered as a generalization

of a well known Boussinesq system:

ur + a1 (t)ugy + ao(t) (uw)y + as(t)vy =0,

vt + B () (woz + 2vuy + uvy) + Bo(t) (uswy — (uy)2) + B3(t)vay + Ba(t)uayy = 0,



where w, = u,. Under the following dependent variable transformations:

1

U = —§(lnp)x,

1
v = §b(lnp)xy - pq,

the above (2+1)-dimensional Boussinesq system is transformed into the (2+1)-dimensional AKNS

system
1 2
P+ a(t)(§pxy —qp”) =0,
1
g = a(t)(58wy — pg*) =0,

under the following constraint:

B1(t) = aa(t) = 2as(t) = —al(t), fa(t) = ba(t),
on(t) = —Bs(t) = ‘L1 —b), Ba(t) = %2 (b — 2),

where a(t) is an arbitrary smooth function and b is a nonzero arbitrary constant.

Under the following rational transformations,

the above AKNS system has been transformed into the following bilinear form
Dy Dy(f - f) +2gh =0,
1
(De + ia(t)Dny)g =0,
1
(D — 5a(t)D;CDy)h -f=0,

where D, D, and D; are Hirota bilinear differential operators. A double Wronskian exact solution

has been formulated for the above bilinear system given by
=W Grp), g =2WNEM(Grg)  and b= —2W N (),

where ¢ and 1 satisfy the following linear system

¢CE = _K¢7 st - (b:c; d)t = _A(t)¢xx7
¢x - K¢a 1/’y = wx7 ¢t = B(t)w:wca
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with K = (Kij) (N4 M+2)x (N+M+2) being a matrix with arbitrary constant entries k;j,

A(t) = (ai5(t)
(

N
doict TME2 05(t) = alt), but B(t) = (bi5(t)) (N4 M+2) x (N+M+2) Whose entries defined to be

(N+M+2)x(N+M+2) 18 @ matrix with arbitrary smooth function entries and

aij(t), if 7= j,

bij(t) =
_aij(t)a if i# .
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