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Abstract. A direct method, called the transformed rational function method, is used to construct
more types of exact solutions of nonlinear partial differential equations by introducing new and more
general rational functions. To illustrate the validity and advantages of the introduced general rational
functions, the (341)-dimensional potential Yu—Toda—Sasa—Fukuyama (YTSF) equation is considered
and new travelling wave solutions are obtained in a uniform way. Some of the obtained solutions,
namely exponential function solutions, hyperbolic function solutions, trigonometric function solu-
tions, Jacobi elliptic function solutions and rational solutions, contain an explicit linear function of
the independent variables involved in the potential YTSF equation. It is shown that the transformed
rational function method provides more powerful mathematical tool for solving nonlinear partial
differential equations.
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1. Introduction

Nonlinear complex physical phenomena are related to nonlinear partial differential equa-
tions (PDEs) which are involved in many fields from physics to biology, chemistry,
mechanics, etc. Searching for exact solutions of nonlinear PDEs plays an important role in
the study of these physical phenomena and gradually becomes one of the most important
and significant tasks. In recent years, many direct methods for obtaining exact solu-
tions of nonlinear PDEs have been presented, such as the tanh-function method [1-3], the
homogeneous balance method [4], the sine-cosine method [5], the Jacobi elliptic function
expansion method [6-8], the F-expansion method [9—11], the auxiliary equation method
[12-14], and the exp-function method [15-17].

561



Sheng Zhang and Hong-Qing Zhang

Based on the observation that it has been a successful idea to generate exact solutions of
nonlinear wave equations by reducing PDEs into ordinary differential equations (ODEs),
more recently Ma and Lee [18] proposed a new direct method called the transformed
rational function method for constructing exact solutions of nonlinear equations by using
rational function transformations. The new method which unifies the tanh-function meth-
ods, the homogeneous balance method, the exp-function method, the mapping method and
the F-expansion methods provides a more systematical and convenient handling of the
solution process of nonlinear PDEs. The interesting idea of using a fractional transforma-
tion to connect the rational solutions of nonlinear equations with the elliptic functions has
been used earlier for solving nonlinear Schrodinger equation (NLSE) with a source by Raju
et al [19] and higher-order NLSE with a source by Vyas et al [20].

The present paper is motivated by the desire to extend the transformed rational function
method to construct more types of exact solutions of nonlinear PDEs by introducing new
and more general rational functions. To illustrate the validity and advantages of the general
rational functions, we shall consider the (3+1)-dimensional potential YTSF equation [21]:

—Uys + Uy + Yl + 20001, + 3”)’}' =0, (D
which can be derived from the (3+1)-dimensional YTSF equation
[—dv; + D)v ], +3v,, =0, () =37 +4dv + 20,9, ", )

by using the potential v = u,. It was Yu et al [22] who extended the (2+1)-dimensional
Bogoyavlenskii—Schif (BS) equation [23]

v+ O, =0, D) =2>+4v+20,9" 3)
to the (3+1)-dimensional nonlinear evolution equation in the form of eq. (2). The extension
schemes in which the (14-1)-dimensional KdV equation v;+® (v)v, =0, ®(v) = 33 +4v+
2v,0, ! is extended to the (2+1)-dimensional KP equation [—4v, + ®(W)v,]y + vy, =
0, ®(v) = 32 + 4v + 20,9, " and BS equation (3), and then the (3+1)-dimensional YTSF
equation (2) are schematically written in the following form [22]:

KdV equation =—> BS equation

U U
KP equation — YTSF equation

The rest of this paper is organized as follows. In §2, we describe the transformed rational

function method combining new and more general rational functions. In §3, we take the

(3+1)-dimensional potential YTSF equation (1) as an example to illustrate the validity and
advantages of the generalized work. In §4, conclusions are given.

2. Description of the transformed rational function method combining new and
more general rational functions

In this section, let us recall the basic idea of the transformed rational function method [18]
and outline its generalization. For a given nonlinear PDE, say, in four variables x, y, z
and ¢t

P(x,y,z,t,u, Uy, y, Uz, Uy, ...) =0, 4)
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we first use the following transformation:

u(x,y,z,t) =u), &§=%&x,y,2,1), )

and usually set & = ax + by + ¢z — wt in the constant-coefficient case, while £ = a(¢)x +
b(t)y + c(t)z — w(t) in the t-dependent-coefficient case, where a, b, ¢ and w are constants;
a(t), b(t), c(t) and w(¢) are functions of t. Then eq. (4) is reduced to an ODE:

Q('x’ y’ Z’ t’ u(r)’u(r+1)’ "') =07 (6)

where u) = d'u/d&", i > r, and r is the least order of derivatives in the equation. If Q
is a total £-derivative of another function, integrating eq. (6) with respect to &, we further
reduce the transformed equation.

Secondly, we search for exact solutions determined by

A -
Yo pyn’ + 220 pan’ T
im0 quan® 4+ 20 qunt '
where m and n are two natural numbers, p; and g; are normally constants or functions

of the independent variables and 7 satisfies a solvable ODE, for example, a first-order
differential equation

n=T=T(E,n. (®)

Some special solvable cases of T were used in open literature, suchas T = T (n) = n in the
exp-function method, 7' = T (n) = n* + o (« is a constant) in the extended tanh-function
method and 7% = T?(n) = fn* + gn* + h (f, g and h are constants) in the extended
F-expansion method. We, therefore, have

uE) =v(n) = n=n), (7

uhE) = Tv' (1),
w2 @E) = Tou" ™V E) =T () +TTV (), ..., )

which is based on 0 = T9,, prime denotes the derivative with respect to the involved
variable, for instance, u’(§) = du(§)/d&, v'(n) = dv(n)/dn, T' = dT /dn.

Thirdly, we get a system of algebraic equations for all variables a, b, ¢, w, p; and g, by
substituting eqs (7) and (9) into eq. (6) and setting the numerator of the resulting rational
function to be zero. Solving this system of algebraic equations, we determine p(n), g(n)
and &.

Finally, integrating v(n) with respect to &, r times, we obtain a class of exact solutions

PaIE)
s Vi Ky = : d
ux,y.2,1) = ug) = // /qwa) d

& &)
P | .
--dé_dE + d 10
// /¢M@» Srode st 10

where dj are arbitrary constants. If » = 1, there is only the last defined integral over [0, £] in
eq. (10). The obtained solutions will definitely contain a polynomial part in & when r > 1.
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Remark 1. It is easy to see that when py; = p;, gix = g, p2j = qa = 0, from eq. (7) we
have

Yo pin’
Do aen®’
which is the rational functions (2.9) used in [18]. Thus, we may get new and more types

of exact solutions of eq. (4) by using the proposed rational functions in eq. (7) due to the
terms p>;n/~'n’ and gun* 'y’ included there.

v(n) = (1)

3. Application to the (3+1)-dimensional potential YTSF equation

In this section we apply the generalized method developed in §2 to the (34 1)-dimensional
potential YTSF eq. (1) and consider three special cases of T in eq. (8).
Using the transformation

M(x’}’yz,t):“(é), ‘i::ax+by+cz_wtv (12)
we reduce eq. (1) into an ODE of the form
a*cu® + 6a’cu'u” + 3b* + daw)u” =0, (13)

where the prime denotes the derivative with respect to €. Then integrating it once with
respect to & yields

acu® +3a%cw’)? + 3b* + daw)u’ =0, (14)
further setting » = 1 and u’ = v, we have the transformed potential YTSF equation
a*cT*V" + a*cTTV + 3a*cv® + (3b? + 4aw)v = 0, (15)

where the prime denotes the derivative with respect to 7.

3.1 The case of n = n in the exp-function method
In this case, eq. (15) becomes

alen*v” + a*enqv’ 4 3acv? + (3b* + daw)v = 0. (16)
If a rational solution v is constructed in the form

_ punt+ pun+ puo

v(n) =
qi2n* +qun + qo

a7)

with the help of Mathematica we have only two choices for non-constant v and abc # 0

daqi1q12n a’c + 3b?
=—rr—5, 0=—————"

= , , (18)
(qu1 + 2q12m)? 4a
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B p1o(16p7y + 16p1op1in + piin?) a = _3pwo

v(n) , = ,
qr0(4p1o — puin)? q10
9cpd, + b*g}
w= P70, (19)
4}7106]10

According to eqs (18) and (19) and the solution ef of ' = n, we obtain exponential function
solutions of eq. (1)

2a adc + 3b?
w(,y. ) = ———I Ly g =ax+by+ez+ —— 1, (20)
g + 2q12€f 4a
24 p?
M()ﬁy»z’f): plo £ @é_{_d’
qio4p1o — p1ie)  quo
3 9epio + b24;,
g:-—plox—l—by—l—cz——q)lo quot 21)
q10 4p10giy

where the involved constants are all arbitrary. We note that solution (21) contains an explicit
linear function of &, and that all solutions reported in [24] are equivalent to solution (20).

3.2 The case of ' = n* + « in the extended tanh-function method

In this case, eq. (15) changes into

alentv” + 283 eV’ + 2dPcan®™v” + alca®v” + 2adcany’

+ 3a’cv® + (3 + daw)v = 0. (22)
If a rational solution v is constructed in the form
puan® + pisn® + pun® + pun + puo

qi2n* +qun + qio
with the help of Mathematica we have four different choices for non-constant v and abc #0

v(n) = (23)

4adca — 3b?
v(n) = —2ax — 2an2, w= e or cja , 24)
2 4q3 3b?
v(n) = —zauo — 2an2, w= e oy + , 25)
3 4a
) 5 1 16a3ca — 3b?
v(n) = —4aa —2an” —2a0”—, w=—"—"—, (26)
n 4a
4 1643 3%
v(n) = —aa — 2an* — 2aa2—2, w = —&. (27)
3 n 4a

According to eqs (24)—(27) and the well-known special solutions [12] of ’ = n*+a, when
a < 0 we obtain hyperbolic function solutions of eq. (1)

ux,y,z,t) = 2a+/—atanh(v—a€) + d,

4aca — 3b2t

E=ax+by+cz— ,
4a

(28)
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u(x,y,z,t) = 2ay/—a coth(v/—a&) +d,

4a’co — 3b2t
4a ’

u(x,y,z,t) = 2a+/—a tanh(v/—a§) + 2a+/—a coth(v/ —a§) + d,

16a3ca — 3b2t
4a '

E=ax+by+cz—

E=ax+by+cz—

4
u(x,y,z,t) =2a/—atanh(v—a&) + %é +d,

4adco + 3b2t
4a

3

E=ax+by+cz+

4
u(x, y, 7, 1) = 2ax/—a coth(v/—af) + %g +d,

4adca + 3b2t

E=ax+by+cz+ ,
4a

u(x,y,z,t) = 2a/—atanh(v/—a) + 2a+/—a coth(v/ —) +

16a°ca + 3b2t
4a '
When o > 0, we obtain trigonometric function solutions of eq. (1)

u(x,y,z,t) = —2a/atan(Vaé) +d,

4a’co — 3b2t
4da

E=ax+by+cz+

E=ax+by+cz—

u(x,y, z,1) = 2a/acot(va§) +d,

4a’co — 3b2t

E=ax+by+cz— )
da

u(x,y, z,1) = —2ay/otan(va§) + 2a/o cot(v/a§) +d,

16a3ca — 3b2t

E=ax+by+cz—
4a

’

u(x,y,z,t) = —2a/a tan(va) + MTaé +d,

4adca + 3b2t

E=ax+by+cz+
4a

’
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u(x,y,z,t) = 2a/a cot(v/a&) + MTO[E +d,

4adca + 3b2t

E=ax+by+cz+ , (38)

4a
16aa
u(x,y,z,t) = —2a/atan(v/a&) + 2a/a cot(v/at) + 3 &E+d,
164° 3b?

£ = ax 4 by 4 oz 4 AT, (39)

da
When o = 0, we obtain rational solutions of eq. (1)

8a?

u(x,y,z,t) = +d. 40)

4a’x + daby + dacz + 3b3t

We note that solutions (31)—(33) and (37)—(39) contain an explicit linear function of &, and
that all solutions reported in [21] are special cases of solutions (28), (29), (31), (32), (34),
(35), (37), (38), respectively.

3.3 The case of n'> = fn* + gn* + h in the extended F-expansion method
In this case, eq. (15) turns into
acfn*v" +2d3c v + alegn®v” + aPegnv’ + aPchv”
+ 3a’cv® + (3 + daw)v = 0. 41)
If we try to construct a rational solution v in the form

pian* + pisn® + pin® 4+ pun + pio+ pasn*n’ + ponn’ + pan’
q12n* + qun + qio + g2nn’ + gun’

v(n) =
(42)

with the help of Mathematica we have four different choices for non-constant v and abc #0

2
v = —za(g £ V& —3fh) —2afn’,
+da3c\/g> — 3 fh — 3b?
w =

, 43
4a 43
2 1
v(n) = —ga(g + /g2 4+ 12fh) — 2afn?® — 2ah—,
n
+daic/g> + 12 fh — 3b?
= . (44)
4a
1 ,
v(n) = —a(g £ Ve +12fh) —afn’ £a/ [,
+da’c\/g? + 12fh — 3b> @5)
w =

4q ’
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v(n) = —éa (gﬂF6\/ﬁi\/gzi60g\/f7+ 132fh) —afy?

1 / 1 I
—ahF +ay/fn :I:a\/ﬁﬁn,

+a’cy/g> + 60g/fh + 132 fh — 3b*
o= 1 .
Using eqs (43)—(46) and selecting one appropriate special solution [11] of > = fn* +
gn* + h, for example, n = sn(&, m) along with f = m?, g = —(1 +m?) and h = 1, we
obtain Jacobi elliptic function solutions of eq. (1)

(46)

&
u(x,y, z,t) = —2am2/ snz(sl, m)dé&;

2
— 5a(—l —m?> £ Vm* —m?+ DE +d,
+adem* —m2 + 1 — 3b2t

E=ax+by+cz— 7
4da
3
u(x, y.2.1) = —2a / (s (&1, m) + 05 (&1, m)]dé,
2 2
— ga(—l —m”E£vVm*+ 14m? + D€ + d,
+dade/m* + 14m? 4 1 — 3b>
£ = ax + by +cz— a’cvm* + 14m= + ‘ (48)
da
§ 2
4Gt y,2,1) = —am / [msn® (€1, m) F cn(1, mydn(&,, m))d,
1 2
— ga(—l —m” £ vm*+ 14m? + )& +d,
+ateSm* + 14m? + 1 — 3b>
£ = ax + by +cz— a’cv/m* + 14m= + ; (49)

4a ’

3
u(x,y.z.0) = —a/ [m2sn (1, m) + ns’ (& m)

F men(§r, m)dn(§r, m) F cs(§1, m)ds(&r, m)]dé,

1
— ga[—l —m? :F6m:|:\/m4:|:60m(1+m2)+134m2+1].§+d,

+a’ey/m* F60m(1 + m?) + 134m>+1 — 3b2t

& =ax+by+cz+
4a

(50)
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Figure 1. The asymptotical property of Jacobi doubly periodic solution (47) with (+)
branch for parametersa = 1,5 = 0.1, ¢ = 2,d = 0, m = 0.5, z = 0 at different times:

@t=-5Mm1r=0(c)t=5.
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-10 -5 10

Figure 2. The asymptotical property of Jacobi doubly periodic solution (47) with (4)
branch for parametersa =1,b=0.1,c=2,d=0,m=0.5, y =0, z =0 at time r = 0.

We note that solutions (47)—(50) with an explicit linear function of £ have not been
obtained in [19,24-31]. To the best of our knowledge, solutions (47)—(50) are new. If we
continue to select other appropriate special solutions [11] of 2 = fn* 4+ gn? + h, we can
also obtain other new Jacobi elliptic function solutions of eq. (1). However, we omit them
here for simplicity.

It is well known that solitary wave solutions and Jacobi doubly periodic solutions are
interesting and physically relevant. Here we take solution (47) as an example to further
show its asymptotic properties by figures 1 and 2.

Remark 2. All solutions obtained above have been checked with Mathematica by putting
them back into the original eq. (1).

4. Conclusion

In this paper, the transformed rational function method has been successfully extended to
construct more types of exact solutions of the (3+1)-dimensional potential YTSF equation
owing to the proposed new and more general rational functions. Some of the obtained expo-
nential function solutions, hyperbolic function solutions, trigonometric function solutions,
Jacobi elliptic function solutions and rational solutions, contain an explicit linear function
of the independent variables involved in the potential YTSF equation. It may be impor-
tant to explain some physical phenomena. The paper shows that the transformed rational
function method provides more powerful mathematical tool for solving nonlinear partial
differential equations.
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