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The Bicklund transformation of fractional Riccati equation with nonlinear superposition principle of solutions is employed to
establish the infinite sequence solutions of nonlinear fractional partial differential equations in the sense of modified Riemann-
Liouville derivative. To illustrate the reliability of the method, some examples are provided.

1. Introduction

Recently, nonlinear fractional differential equations increas-
ingly are used to describe nonlinear phenomena in fluid
mechanics, biology, engineering, physics, and other areas of
science [1-3]. Much efforts have been spent in recent years to
develop various techniques to deal with fractional differential
equations. However, for the nonlinear differential equations
including fractional calculus, the analytical or numerical
results are usually difficult to be obtained. It is therefore
needed to find a proper method to solve the problem of non-
linear differential equations containing fractional calculus.

In the past, several methods have been formulated,
such as Adomian decomposition method [4, 5], variational
iteration method [6, 7], homotopy perturbation method [8,
9], differential transform method [10, 11], and fractional sube-
quation method [12-14]. S. Zhang and H.-Q. Zhang [12] first
proposed a new direct method called fractional subequation
method in solving nonlinear time fractional biological pop-
ulation model and (4 + 1)-dimensional space-time fractional
Fokas equation, based on the homogeneous balance principle
and Jumarie’s modified Riemann-Liouville derivative.

In this paper, based on the Backlund transformation tech-
nique and the known seed solutions, we will devise effective
way for solving fractional partial differential equations. It
will be shown that the use of the Backlund transformation
allows us to obtain new exact solutions from the known seed
solutions.

2. Backlund Transformation of
the Fractional Riccati Equation and
Nonlinear Superposition Principle

Firstly, we give some definitions and properties of the modi-
fied Riemann-Liouville derivative [15] which are used in this
paper.

Assume that f: R — R,x — f(x) denote a continuous
(but not necessarily differentiable) function, and let & denote
a constant discretization span. Jumarie defined the fractional
derivative in the limit form

fH(x) = llggw, 0O<a<l, (@)

where

I'(l+aw)
TA+k)T(a-k+1) )

A f(x)= Y (-1
k=0

x fx+(a«—k)h].

This definition is close to the standard definition of the
derivative (calculus for beginners), and as a direct result, the
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ath derivative of a constant, 0 < « < 1, is zero. An alternative,
which is strictly equivalent to (1) is as follows:

S P S Sy o
e RCRUN GENOIE

0<a<l, 3)

fH(x) = (f(") (x))(ain), n<a<n+1, n>1.

Some properties of the fractional modified Riemann-
Liouville derivative that were summarized in four useful
formulas of them are

T(1+y) .

(24
Dxxy = X 5

r(1+y-a) v>0 @

DY (u(x)v(x)) = v(x) Diu(x) +u(x) Div(x), (5)
DY [f (w(x)] = f, (u) Diu(x), (6)
D2 [f (u(x)] = D f () (ul)", )

which are direct consequences of the equality d*x(t) = I'(1 +

«)dx(t) which holds for nondifferentiable functions. In the

above formulas (5)-(6), u(x) is nondifferentiable function in

(5) and (6) and differentiable in (7), v(x) is nondifferentiable,

and f(u) is differentiable in (6) and nondifferentiable in (7).
Recall the fractional Riccati equation:

Di¢p@) =0+¢* (), O<as<l, (8)

S. Zhang and H.-Q. Zhang [12] derived some exact solutions
to (8) as follows:

—+/=otanh, (v/-0&), 0 <0,
—+/=ocoth, (v/-0&), <0,
_ ] Votan, (Vof), 0>0, 9
B = e . ean ©)
T'(l+«)
v w = const, 0 =0,

where the generalized hyperbolic and trigonometric func-
tions are defined as

sina (E) _ Eoc (iEa) B .Eoc (_igoc) ,

2i
cos, (&) = B () ;.Ea i) ,
_ sin, (§) _ cos, (&)
tan, @ = e o @)= 5
o o (10)
s, ) - )= B 6
cosh, (§) = £ (&) +2E“ =5) ,
_ sinh, (§) _ cosh, (§)
tanh, (§) = cosh. (&)’ coth, (§) = —sinh“ @’
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where E (&) = Zﬁo(fk/r(l + ka)) (« > 0) is the Mittag-
Leffler function.

Next, we introduce the Backlund transformation of frac-
tional Riccati equation (8):

A+ A0 () + Asp(E) + Ap(E)’ + Asp(§)"

By + By (§) + B;(§)” + Byp(&)’ + Bsp(§)"
(11)

¢ =

that is, q_b(f) satisfies the fractional Riccati equation

DI =0+ (), (12)

where A; (i = 1,...,4), B, are arbitrary parameters, A; =
(A,B}-B} - A A;B, + A2A,)B,/A3, B, = (6(A,B, - BY) -
A%)/0A |, By = (0(B}~A,B+A,A;B))+B, A2~ A% A,)[oA%,
B,=(0(BlA,~-B} - A A;Bl+AZA,B))+B,AA, - A2B} -
A3 A;)[0A%, Bs = (A;A3B, — AA, + B} — A,B3)/0A? and
¢(&) are the known solutions (9).

Specially, if we take A; = A, = A; = B; = B, = B; =
0 in (11), the Backlund transformation of factional Riccati
equation can be obtained as

—0A; + B¢ (§)

$E)= B, +A (&)

(13)

By means of solutions ¢(&) (9), we can construct the fol-
lowing infinite sequence exact solutions of fractional Riccati
equation (8). Here in the following cases we given several
Backlund transformations of solutions.

Case 1. When o < 0, if ¢;_, (&) is the solution of fractional
Riccati equation (8), then the following ¢, (&) are also the
solutions of (8):

& (&)

_ A+A) (E)+A3¢k—1(5)2+A4¢k—1(5)3+A5¢k—1(f)4
By + Bygy  (§) + By (§)*+ By, (§)’ +Bsy_, ()"

¢ (§) = —V-0 tanh, [ﬁ(f)] .

(14)

Case 2. When o < 0, if ¢,_;(§) is the solution of fractional
Riccati equation (8), then the following ¢, (&) are also the
solutions of (8):

¢ (€)

_ A+ Ay (f)+A3¢k—1(5)2+A4¢k—1(£)3+A5¢k—1(f)4
By + Byy_y (§) + Ba¢k—1(f)2 + B4<lsk—1(£)3 + Bs¢k—1(£)4 )

¢y () = V=0 coth, [ V=0 (§)].

(15)
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Case 3. When o > 0, if ¢_;(&) is the solution of fractional
Riccati equation (8), then the following ¢, (&) are also the
solutions of (8):

b (§)

ALt A A )+ AG (O + Ashi (D)
B, + Bygy 1 (€) + Bygy 1 (§) + By, (§)’ + By ()

¢o (§) = Vo tan, [Vo (§)].

(16)

Case 4. When o > 0, if ¢_, (&) is the solution of fractional
Riccati equation (8), then the following ¢, (&) are also the
solutions of (8):

& (©)

ALt Ay DA 6+ AE (O + Ashi 1§
By + By (§) + B3¢k—1(§)2+B4¢k—1(£)3 + Bs¢k71(£)4

¢ (&) = —Jocot, [Vo (§)],

17)

where A; (i = 1,...,4), B, are arbitrary parameters, A; =
(A,B} -B} - A A;B, + ASA,)B,/A3, B, = (6(A,B, - B}) -
A%)/oA,, By = (0(Bi—A,B}+AA;B))+B, A2 - A% A,)/0A%,
B, = (0(BjA,~ B~ A, AsB} + AJA,B)) + B ATA, -~ A1B} -
A3A,)/0A%,and By = (A, A,B, - A>A, + B> — A,B?)/0A2.

Case 5. When ¢ = 0, if ¢_; (&) is the solution of fractional
Riccati equation (8), then the following ¢, (&) are also the
solutions of (8):

B¢ (§)

P (0) = B + By &)’ 18)
3 _F(l + o)
6 © =

where B,, B, are arbitrary constant, and B, #0.

Nonlinear Superposition Principle. (1) If ¢p_1(§), ¢r_,(§) are
the solutions of fractional Riccati equation (8), respectively,
then the following ¢, () (k = 2,3,...) are also the solutions
of (8) which read

¢ €)= (0V=0(-2a, + @) - a, (¢, ) + P, ()
+a, V=01 (§) $i2 (f))

(19)
x (=a, + a, V=0 (¢ ) i, (©)

-1
>

+(=2a, + ay) ¢y (€) s ()

where a,, a, are arbitrary nonzero constants.

(2) If ¢_1(E), ¢r,(&), and ¢_5(&) are the solutions
of fractional Riccati equation (8), respectively, then the

following ¢, (&) (k = 2,3,...) are also the solutions of (8)
which read

G (8) = (et ©) (b3 (©) — b2 (©))
—crs (€) (13 (€) — iy (B)))
X (Prs (€)= 5 (€)
—c($s B -y (©)

where c is an arbitrary nonzero constant.

Applying the nonlinear superposition formulas (19)-(20),
we can obtain the following new infinite sequence exact
solutions of fractional Riccati equation (8). For example,
when o < 0, we can get the infinite sequence new solutions

¢(&) (1=2,3,...) as follows:
¢ (©) = ¢ §)
= (oV=0 (<24, + @) - ) (s (©) + 5 ()
Vo, (€) s (©))

(20)

(1)
X (—“2 +a, V-0 (¢ ) P2 (§))

(20, + ) Gy O, )
(1=2,3,...),

¢y (§) = —v=otanh, [V=0 (8)], (22)

¢ ) = (A + Ay ) + Asgy (6

+A4¢k—1(€)3 + A5¢k—1(5)4)

(23)

X (By + Byyy (§) + By, (&)
By 1 (6 + Boy 1 (®)')

where a,, a, are arbitrary nonzero constants.

3. Summary of the Method

In this section, we describe the main steps of the fractional
subequation method for finding exact solutions of fractional
differential equations.

Let us consider the fractional differential equation with
independent variables x = (x;, x,,...,x,,,t) and dependent
variable u,

(04 (24 (¢4 (¢4
F (u, Ups Uy 5 Uy s U > D;u, Dxlu, szu, Dx3u, .. ) =0, (24)

where Df'u, Dzl u, Dzz u, and Dz3 u are the modified Riemann-
Liouville derivatives of u with respect to t, x;, x,, and x;,
respectively.

Step 1. Using the variable transformation
X t) = u (&),

E=x,+lxy+--+1, %, + A+ &,

u(xy, %y, ... 03)



where [; i = 1,...,m — 1) and A are constants to be
determined later, the fractional differential equation (24)
is reduced to a nonlinear fractional ordinary differential
equation

H(u (@), ©,u" €),Dfu@),...)=0,  (26)
where “"” = d/d(&).

Step 2. We suppose that (26) has the following solution:
u() = Zaﬂ/j ), (27)
=0

where a; (j = 0,...,n) are constants to be determined,
positive integer n can be determined by balancing the highest
order derivatives and nonlinear terms in (24) or (26), and
(&) comes from the following Backlund transformation for
the fractional Riccati equation:

A+ Ay (E) + Asp(E)’ + () + Asp(®)"

&) = ;
Y B v B )+ B + Bi9® + Bp(@)
(28)
that is, w(&) satisfies the fractional Riccati equation
Diy@=0+y’ (), 0<ac<l, (29)

where ¢(&) are the known solutions of (8).

Step 3. Substituting the explicit formal solution (27) into (26)
and setting the coeflicients of the powers of ;(§) to be zero,
we obtain an overdetermined nonlinear algebraic system in
a; (j=0,...,n),L (i=1,...,m—1),and A.

Step 4. Solving the nonlinear algebraic system yields the
explicit expressions of the parameters a; (j =0,...,n),]; (i =
1,...,m—1), and A. Then substituting these values into (27),
we may obtain the exact solutions of the nonlinear fractional
differential equation (24).

4. Applications of the Method

In this section, we present two examples to illustrate the
applicability of the our method to solve nonlinear fractional
partial differential equations.

Example 1. We first consider the space-time fractional bidi-
rectional wave equations in the form [16]

Dfv+ Dju +uDjv + vDju
(30)
+aD{D;Diu - bDDiD/v=0, 0<a<l,
D{u+ D}v +uDu
(31)
+cD;DDv — dDD;D;ju = 0

where x represents the distance along the channel, t is
the elapsed time, the variable v(x,t) is the dimensionless
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deviation of the water surface from its undisturbed position,
u(x,t) is the dimensionless horizontal velocity, a, b, ¢ are
real constants. When « = 1, (30) is the generalization of
bidirectional wave equations, which can be used as a model
equation for the propagation of long waves on the surface of
water with a small amplitude.

For our purpose, we introduce the following transforma-
tions:

u(xt)=u(),

where A is constant.
Substituting (32) into (30), we can know that (30) is
reduced into a fractional ordinary differential equations:

A“D?v + D?u + uD?v + ngu

v, t)=v(E), E=x+At+&, (32)

(33)
+aD; D¢ Dsu —bA*Dg DgDgv =0, 0<a<l,
A*Dgu + Dgv +uDgu
Dy D;D;v—dA*Dy Dy Diu =0 G4
TP e ey gPggt = 0.
We suppose that (33) has the solution in the form
i .
u(®) =ay+ Y ap@,
i=1

(35)

v(E) = by + ) bip(E).
j=1

Balancing the highest order derivative terms and nonlin-
ear terms in (33), we have m = n = 2. Substituting (35) given
the value of n = 2 and m = 2 along with (8) into (33) and then
setting the coeflicients of ¢(&) to zero, we can obtain a set of
algebraic equations about a, a;, a, b, by, b,, and A. Solving
the algebraic equations by Maple, we have,

« 12dX* — a, (1 + 8co)

a, =-A e , a; =0,
—121%d) (2d + 8bco - b) \*
b= -1 - dao - & ) 0d +8bco —B)A" )
0 242
A (12d1° —
b=0, b =-6as 12N -a)

2c

where A, a, are arbitrary constants.
Substituting the above result into (35), we obtain new
types of exact solutions of (30) as follows:

B 12dX* — a, (1 + 8¢o)

() = -A° o + a8,
a, — 121%d) (2d + 8bco — b) A*
Vk(E):—1—4ao—(2 )24c2
bA® (12dA% -
—6a+ M%(E)z, k=0,1,....

2c
(37)

The expression ¢, (&) appearing in these solutions is given by
relations (14)-(18) and the nonlinear superposition formulas
(19)-(20), where & = x+At+&,a,, A, and o are real constants.
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Example 2. We consider the following space-time fractional
Sharma-Tasso-Olver (STO) equation [17] in the form

D*u +3a(D*u)’ + 3au’D*u + 3auD*D*u
(38)
+aDiDiDiu=0, 0<a<l,
where a is an arbitrary constant and « is a parameter
describing the order of the fractional derivative. When « = 1,
(38) is the generalization of classical nonlinear STO equation,
which was first derived as an example of odd members of
Burgers hierarchy by Tasso.
For our purpose, we introduce the following transforma-
tions:
u(ot)=u@), E=x+At+§, (39)
where A is constant.
Substituting (39) into (38), we can know that (38) is
reduced into a fractional ordinary differential equation:

A“D?u + 3a(D?u)2 + 3au2D?u

(40)
+ 3auDg Dgu + aDg Dg Dgu = 0.
We suppose that (40) has the solution in the form
u(@) =a+ ) ag(E). (4D

i=1

Balancing uDg Dy u and Dg Dy Du, we have 2n + 2 = n +
3 = n = 1. Substituting (41) given the value of n = 1 along
with (8) into (40) and then setting the coefficients of ¢() to
zero, we can obtain a set of algebraic equations about a,, a,,
and A. Solving the algebraic equations by Maple, we have

A(X
al = _2; o=—, (42)

a, =0,
0 4a

where A is an arbitrary constant, and

A% + 3aa?
a, =-1, g=—_——""71 (43)
a

where gy, A are arbitrary constants.
Substituting the above results into (41), we obtain new
types of exact solutions of (38) as follows:
Uy (x,t) = -2¢,. (&), k=0,1,.... (44)
The expression ¢, () appearing in these solutions is given by
relations (14)-(18) and the nonlinear superposition formulas
(19)-(20), where 0 = A*/4a, & = x + At + &, and
e (6t) =ag— ¢ (§), k=0,1,.... (45)
The expression ¢, (&) appearing in these solutions is given by

relations (14)-(18) and the nonlinear superposition formulas
(19)-(20), where 0 = (A* + Saag)/a and & = x + At +&,.

5. Conclusion

Bécklund transformation of the fractional Riccati equation
with nonlinear superposition principle of known solutions
is applied successfully for solving the system of nonlinear
fractional differential equation. To the best of our knowledge,
the solutions obtained in this paper have not been reported
in the literature. It can be concluded that this method is very
simple and reliable and proposes a variety of exact solutions
to fractional differential equations.
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