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Abstract

In this paper, we propose a new fractional Jacobi elliptic equation method to seek
exact solutions of fractional partial differential equations. Based on a traveling wave
transformation, certain fractional partial differential equation can be turned into
another fractional ordinary differential equation. Then the fractional Jacobi elliptic
equation is used as the auxiliary sub-equation to solve the fractional ordinary
differential equation. As for applications of this method, we apply it to seek exact
solutions for the space-time fractional Kortweg-de Vries (KdV) equation, the
space-time fractional Benjamin-Bona-Mahony (BBM) equation, and the space-time
fractional (2 + 1)-dimensional breaking soliton equations. With the aid of symbolic
computation program, a series of exact solutions expressed in the Jacobi elliptic
functions for the two equations are successfully found.
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1 Introduction

In recent decades, fractional differential equations have been paid an increasing attention
as they are widely used to describe various complex phenomena in many fields such as the
fluid flow, signal processing, control theory, systems identification, biology, and other ar-
eas. In particular, fractional derivative is useful in describing the memory and hereditary
properties of materials and processes. Among the investigations for fractional differential
equations, finding numerical and exact solutions to fractional differential equations is a
hot topic. Many efficient methods have been proposed so far to obtain numerical solu-
tions and exact solutions of fractional differential equations. For example, these methods
include the fractional sub-equation method [1-7], the first integral method [8], the (G'/G)
method [9-13], the variational iterative method [14—16], the Exp method [17], the sim-
plest equation method [18], the Adomian decomposition method [19, 20], the homotopy
perturbation method [21-23], the shifted Jacobi-Gauss-Lobatto collocation method [24],
the shifted Legendre spectral method [25], the generalized Laguerre spectral algorithms
[26], the modified generalized Laguerre tau method combining with a new operational
matrix [27] and so on.
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The Jacobi elliptic function method is an effective method for solving some fractional
differential equations, which have been investigated in detail in [28, 29]. In this paper, we
propose a new fractional Jacobi elliptic equation method to seek exact solutions of frac-
tional partial differential equations in the sense of the modified Riemann-Liouville deriva-
tive. First based on a traveling wave transformation, certain fractional partial differential
equation can be turned into another fractional ordinary differential equation, the exact
solutions of the latter are assumed to be expressed in a polynomial in (&GG), where D%
denotes the modified Riemann-Liouville derivative of o order, and G = G(&) satisfies the
following fractional Jacobi elliptic equation:

(DEG(§))’ = e2G*(§) + 1GX(€) +ep, O<a <1, )

where ey, €1, e, are arbitrary constants. The degree of the polynomial can be determined
by the homogeneous balancing principle. By use of a fractional complex transformation,
the general solutions of (1) can be obtained, with which the exact solutions for the original
fractional partial differential equation can be deduced subsequently.

The definition and some important properties of the modified Riemann-Liouville
derivative [1-7, 30] are listed as follows:

gy (f(E) - f(0))dE, O<a<l,

eripy — | Tl-a) dt
i) (Fe=(t)), n<a<n+ln>1, @
O r F(l + r) r—o
bt _F(1+r—a)t ’ ®
DY (f(t)g(0)) = g&)DYSf (2) + f(£)DYg (), (4)
Dif[g0)] =£;[¢0)]Dig(t), (5)
Dife(®)] = Dyf[e@®)](¢ ®)". ©)

The rest of this paper is organized as follows. In Section 2, we give the description of the
fractional Jacobi elliptic equation method for solving fractional partial differential equa-
tions. Then in Section 3 we apply this method to seek exact solutions for the space-time
fractional KdV equation, the space-time fractional BBM equation, and the space-time
fractional (2 + 1)-dimensional breaking soliton equations. Some concluding comments
are presented at the end of this paper.

2 Summary of the fractional Jacobi elliptic equation method
In this section we give the description of the fractional Jacobi elliptic equation method for
solving fractional partial differential equations.

Suppose that a fractional partial differential equation, say in the independent variables

L, X1,%2, . ..,%y, is given by

P(u,...u, Dfwy, ..., Dfug, DSy, ..., DSty ..., Dy, ..,

DS ug, D} uy, . ..,D?"‘uk,Di‘l"ul, ...)=0, (7)

where u; = u;(t,x1,%;,...,%,), i = 1,..., k are unknown functions, P is a polynomial in u;
and their various partial derivatives including fractional derivatives.
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Step 1. Suppose
ui(t, x1,%0,...,%,) = U;(E), i=1,...,k,
and a traveling wave transformation
E=ct+ ki +koxy + -+ + kyx, + & (8)

Then by the property (6), (7) can be turned into the following fractional ordinary differ-
ential equation with respect to the variable &:

P(Uy, ..., Up, DU, .., DUy Ky DELL, .., kY DE U, ..., KEDEUL, ...,

ke DgUy, > DUy, ..., Dy Uy, ki * D UL, ...) = 0. 9)
Step 2. Suppose that the solution of (9) can be expressed by a polynomial in (DEGG) as
follows:
mj o4 i
D¢G\!
£ .
U§) = il —— |, =1,2,...,k 10
() 'Za,,(G) j k (10)
i=—m;j

where a;;, i = -m;,...,0,1,...,m;, j = 1,2,...,k are constants to be determined later, the
positive integer m; can be determined by considering the homogeneous balance between
the highest order derivatives and nonlinear terms appearing in (9), G = G(§) satisfies the
fractional Jacobi elliptic equation denoted by (1).

Step 3. Substituting (10) into (9) and using (1), collecting all terms with the same order
of (D G)'G together, the left-hand side of (9) is converted into another polynomial in
(Df G)'@. Equating each coefficient of this polynomial to zero, yields a set of algebraic
equations for a;;, i = —-m;,...,0,1,...,m;,j=1,2,...,k.

Step 4. Solving the equations system in Step 3, and using the general solutions of (1), we

can construct a variety of exact solutions for (7).

DYG
In order to obtain the general expressions for (ET) in (1), we suppose G(&¢) = H(n), and
a nonlinear fractional complex transformation n = F(‘{’;—L) Then by the properties (3) and

(5), we have Dg G(§) = DfH(n) = H'(n)Dgn = H'(n). So (1) can be turned into the following
ordinary differential equation:

(H'(1)? = exH* (1) + exH* () + €. (11)

By the general solutions of (11), one has

cn(n)ds(n), ey =m* e =—(1+m?),e =0,
—sn(n)dc(n), ey =-m? e =2m* —1,e9 =1 - m?,
(m) _ —m*sn(n)cd(n), er=-l,e1=2—-—m?eg=m>-1, 12)
H(n) —dc(n)ns(n), ex=1e1=2-m’e =1-m?
cs(n)nd(n), ey =m?*(m* —1),e, = 2m* —1,ey =1,
(1-m®)sd(m)nc(n), ey =1,e; =—(m? +1),eq = m?,

Page 3 of 11


http://www.advancesindifferenceequations.com/content/2014/1/228

Zheng Advances in Difference Equations 2014, 2014:228 Page 4 of 11
http://www.advancesindifferenceequations.com/content/2014/1/228

where sn(n), cn(n), dn(n) denote the Jacobi elliptic sine function, Jacobi elliptic cosine func-
tion, and the Jacobi elliptic function of the third kind, respectively, m is the modulus, and

cn(n) sn(n) dn(n)
es) = 0 sd(n) = S () = T
sn(n) dn(n) cn(n)
1 1 1
SC(U) = dS(ﬂ) = ’ Cd(’l) =0
es(n) sd(n) de(n)
1 1 1
nd(n) = ——, ns(n) = ——, ne(n) = .
dn(n) sn(n) cn(n)
. . . DYG(E)
Furthermore, one can obtain the following expressions for <o
(D?G(E)>
G(£)
C}’l( 1+a) )dS( 1+Ot)) € = mZ’el = _(1 + mz)) €y = 0)
sn( 1+01 )d (F(1+a ), ey = —m>,e; =2m® —l,eg =1 — m?,
—mzsn( o )cal(r(1 ), ey =-1,e;=2—-m> ey =m? -1,

— +ot h +0t (13)
—dc(ﬁ)ns(rgm)) es=l,e1=2-m%ey=1-m>
CS(T(,))” (Ta)) ey =m*(m* —1),e; =2m* —1,¢0 =1,
(1 - m)sd(ims e Yne(ri— Mg € =Le=—(m"+1),e=m’.

. .. . DEG(£) .
Remark 1 For the sake of simplicity, other expressions for (%) with ey, e1, eg taken
different values are omitted here.

3 Application of the fractional Jacobi elliptic equation method to some
fractional partial differential equations
3.1 Space-time fractional KdV equation

Consider the following space-time fractional KdV equation:
Dfu +30u’Du +20(D¢u)(D2*u) +10uD¥*u + D}*u=0, O<a <l, (14)
which is a variation of the following KdV equation [31]:
Uy + 3001, + 200,y + 10Uty + Uyyres = O. (15)
In order to apply the fractional auxiliary sub-equation method described in Section 2,
suppose u(x, t) = U(§), where & = ct + kx + &, k, ¢, & are all constants with k,c # 0. By use

of (3) and (6), one has

Deu = DEUE) = DYUE)E(D) = *DEUE),

16
Deu = DAUGE) = DEUE)(ELR) = k*DELE), 1)

and then (14) can be turned into the following form:

" DEU +30k* UPDEU +20k* (DEU) (D U) + 10K UDX U + k* DU =0.  (17)
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Suppose that the solution of (17) can be expressed by

U) = Z a(DE—GG) (18)

l=—m

where G = G(§) satisfies (1). By Balancing the order between the highest order derivative
term and nonlinear term in (17), we can obtain m = 2. So we have

u DG DG 2 DG -1 DG -2 19
(E)—a0+al(T>+a2(?) +a1<T> +a2(T) . (19)

Substituting (19) into (17), using (1), and collecting all the terms with the same power
of (Df G)!G together, equating each coefficient to zero, yields a set of algebraic equations.
Solving these equations with the aid of a symbolic computation program, yields the fol-
lowing results.

Case 1:

a_y =2k (—e} + 4eger), a1 =0, a, =0, a; =0,

40k ey & /-80k% e} — 30k — 960k e, e

o 30k
Case 2:
a_ =0, a1 =0, a1 =0, ay = —2k*,

_ 40k> ey & /-80k5 e} — 30k*c” — 960k5e,eq
- 30k« ‘

ao

Substituting the results above into (19), and combining with (13) we can obtain a series
of exact solutions in the forms of the Jacobi elliptic functions for (14). For example, from
Case 1 we get the following exact solutions.

Family 1: when e; = m?, e; = —(1 + m?), ey = 0,

—40K3 (1 + m?) + /—-80k6%(1 + m2)2 — 30k
30k«

2a 2\2 §* £ 2
-2k (1+m) [CW(F(1+a)>dS<F(1+a)>:| , (20)

where & = ct + kx + &.

141 (x: t) =

Family 2: when e, = -m?2, e = 2m* -1, ¢y = 1 — m?,

40K (2m? — 1) & /—80kS* (2m? — 1)2 — 30k*c® + 960k% m2(1 — m?)
30k«

_2kza|:sn( & )dc( & )i|2 (21)
I'1+a) rad+a) ’

where & = ct + kx + &.

u2(xr t) =
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Family 3: when e, = -1, e; =2 — m?, eg = m? — 1,

40K (2 — m?) 4 /-80k6(2 — m?2)? — 30k“c* + 960k6 (m? — 1)

uz(x,t) = 0k

y £ £ .
-2 [s”(Fum))Cd(r(lw))] ’

where & = ct + kx + &.

Family 4: when e, =1, e; = 2 — m?2, eg = 1 — m?,

40k% (2 — m?) £ /-80k5* (2 — m2)2 — 30k*c* + 960k5 (m? — 1)

ualw 1) = 30k

o £ e N\
—2Km [dc<r(1+a))ns<r(1+a)>] ’

where & = ¢t + kx + &.

Family 5: when e; = m2(m? — 1), e; = 2m? — 1, ¢9 = 1,

40K3 (2m? — 1) & /-80S (2m? — 1)2 — 30k%c® — 960k® m2(m? — 1)

MS(x)t) = 30k”

wl (& &\
2k [“(r(ua))”"l(r(ua)ﬂ ’

where & = ct + kx + &.

Family 6: when e; = 1, e; = —(m? + 1), eg = m?,

—40K3 (m? + 1) £ /-80S (m?2 + 1)? — 30k*c® — 960k6 >
30k

y £ £ -
-2 [Sd<r(1+a)>"c(r(1+a>)} ’

where & = ct + kx + &.

u6(x! t) =

(22)

(24)

(25)

From Case 2 we can also get some exact solutions expressed in the forms of the Jacobi

elliptic functions for (14), which are omitted here.

3.2 Space-time fractional BBM equation
Consider the space-time fractional BBM equation

DYy +uD%u + Dlu—puDY(D2u) =0, O<a <1,
which is a variation of the following BBM equation of integer order [32]:

U + Uty + Uy — LUy = 0.

(26)

(27)

Suppose u(x, t) = U(&), where & = ct + kx + &, k, ¢, & are all constants with k,¢ # 0. Then

similar to the process of (16)-(17), (26) can be turned into the following form:

DYU + k*UDFU + k*DE U — puc*k** DI U = 0.

(28)

Page 6 of 11
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Suppose that the solution of (28) can be expressed by

ueE) = Za<%G> (29)

l=—m

where G = G(§) satisfies (1). By Balancing the order between the highest order derivative

term and nonlinear term in (28), we can obtain m = 2. So we have

DG DiG\> DG\ DIG\™
U(E):a0+a1(?)+a2(?) +ﬂ_1(?) +6l_2(?) . (30)

Substituting (30) into (28), using (1), and collecting all the terms with the same power
of (D G)!G together, equating each coefficient to zero, yields a set of algebraic equations.
Solving these equations yields the following two groups of values.

Case l:
a_p =12puc*k” (ef - 48260), a_1 =0,
k% + 8uc® ke + c*
a, =0, a, =0, ag = — @ .
Case 2:
wra k* + 8uc*k*ep +
a,=0, a_1 =0, a; =0, as = 12uc*k%, ag = — .

ka

Substituting the results above into (30), and combining with (13) we can obtain a series
of exact solutions in the forms of the Jacobi elliptic functions for (26).

From Case 1 we get the following exact solutions.

Family 1: when e; = m?, e; = —(1 + m?), ey = 0,

k% —8uc® k(1 + m?) + ¢

ke

o o -2
+12uc k(1 +W12)2 [cn(r(f+ a))dS(F(f+ oz)):| , (31)

where & = ct + kx + &.

ui(x, t) = —

Family 2: when e, = —m?, e =2m?>—1,ey =1 - m?,

k% + 8uc k> (2m? —1) + ¥
ke

+12/Lc“k“|:sn< & )dc( & )i|_2 (32)
I'l+a) I'd+a) ’

where & = ct + kx + &.

us(x,t) = —

Family 3: when ey = -1, e; =2 — m?, eg = m? -1,

K + 8uc k> (2 — m?) + c*
k*

+12Mc“/<“[sn( & >cd( &7 ):|_2, (33)
'l+a) 'il+a)

where & = ct + kx + &.

uz(x, t) =



http://www.advancesindifferenceequations.com/content/2014/1/228

Zheng Advances in Difference Equations 2014, 2014:228
http://www.advancesindifferenceequations.com/content/2014/1/228

Family 4: when e, =1,¢; =2 —m?, ey =1 —m?,

K + 8k (2 — m?) + c*
_ e

+12uc“/<“m4|:dc( &7 )ns( &7 >:|_2 (34)
rad+oa) rd+a) ’

where & = ct + kx + &.

ug(x,t) =

Family 5: when e, = m?(m? - 1), e; = 2m* -1, ¢9 = 1,

kY + 8uck**(2m? - 1) + c*
kot

+12 c"‘k"‘[cs( & >nd( & )]2 (35)
H Tl+a) ri+a)) ]|’

where & = ¢t + kx + &.

us(x,t) = —

Family 6: when ey =1, ¢; = —(m?* +1), eg = m?,

k% — 8k (m? + 1) + c*
kot

+12uc“l<“|:sd( 5 )nc( 5 >]_2 (36)
I'd+a) I'ld+a) ’

where & = ct + kx + &.

ug(x,t) = —

From Case 2 we can also get some Jacobi elliptic function solutions for (26), which are
omitted here.

Remark 2 The Jacobi elliptic function solutions (20)-(25) and (31)-(36) are new exact
solutions for the space-time fractional KdV equation and the space-time fractional BBM

equation respectively to the best of our knowledge.

3.3 Space-time fractional (2 + 1)-dimensional breaking soliton equations
Consider the following space-time fractional (2 + 1)-dimensional breaking soliton equa-

tions:
%u 33y %v %u
S tag— tdaus4 +4as—5v=0
ate dx2a dx dx ’
o e 0<a<la#0, (37)
9y  9xa?

where the contained fractional derivative is the modified Riemann-Liouville derivative.

The corresponding integer order equation to (37) can be found in [33, 34]. Now we
will apply the described method in Section 2 to solve (37). To begin with, we suppose
u(x,y,t) = U(E), v(x,y,t) = V(§), where & = ct + kix + kay + &0, k1, ka, ¢, & are all constants
with &y, ky, ¢ # 0. Then similar to the process of (16)-(17), (37) can be turned into the fol-
lowing form:

DU + akf"‘ngg"‘ U +4akiUD{V +4aki VD{U =0,

(38)
KDIU = k¢ DEV.

Page 8 of 11
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Suppose that the solution of (38) can be expressed by

uE=ym,, a),

/ (39)
V() = Y02, b,

where G = G(§) satisfies (1). By balancing the order between the highest order derivative
term and nonlinear term in (38), we can obtain n1; = m, = 2. So we have
DeG DeG D¢G D
U(E) =ao+ ai(—5-) + ar(—5-)* + a_ 1( )1t as( =)
’ D¢G

V(E) = bo + bi(S) + ba(S)? + b (ET)* +boy(—)72

R

(40)

Substituting (40) into (38), using (1), and collecting all the terms with the same power
of (D G)'G together, equating each coefficient to zero, yields a set of algebraic equations.
Solving these equations yields

ag = do, a; =0, ay = ——k{*, a_1 =0, a_s =0,

—Sakz"‘k‘”e + ¢ + daagk?
bO = ! 072 ) bl = 0)
daky

3
bz = —Ekllykg, b,l = O, b,z = 0,

where ay is an arbitrary constant.

Substituting the results above into (40), and combining with (13) we can obtain a series
of exact solutions in the forms of the Jacobi elliptic functions for (37).

Family 1: when e; = m?, e; = —(1 + m?), ey = 0,

11 (%, ) = ao — 3K [en(irgy Ay )%

20 2 (4'1)
vi(x,, ) = - AT ;g”*”'““okz K kS [en( gy s (a1

where & = ct + kix + kyy + &.
Family 2: when e, = —m2, e = 2m* -1, ¢g = 1 — m?,

U (%,,) = ao — 3k [sn (g ey )12

—8ak2KE (22 ~1)+¢* +4aaok « (42)
va(%,9,8) = = : n;aklaw L - 3k°¢ka[sn( 1+a)) o (iﬂx))]z’
where & = ¢t + kix + kyy + &o.
Family 3: when e, = -1, =2 - m?, eg =m* -1,
us(x,y,£) = ao — 3k m* [sn (s Jed (igy 1% w3)
—8ak?® kY (2-m?)+c* +4aa kS o o
va(9,1) = == S s e (i ) s
where & = ct + kix + kyy + &.
Family 4: when ey =1, ¢, =2 —m?, ¢y =1 — m?,
(%,9,8) = ao — 3k [de(ms 7) (e )]2
Us\ X Yy a0 — 3K ¢ F(l+o¢ ns I'(1+a)
—Szzklzakg(Z—m )+c® +daapks a 5 (44)

va(x,9,t) = — 2 K [de( iy 8 )1

where & = ct + kix + kyy + &.

Page 9 of 11
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Family 5: when e; = m?(m? — 1), e = 2m? — 1, ¢p = 1,

u(x%,9,t) = ag — %klz"‘ [cs(ﬁ)nd(ﬁ)]z, (45)
~8ak¥® kg (2m?-1)+c* +4aaoky o o

n(xy,t) = ————2 "iakg” L Sk (e I (g )1

where & = ¢t + kix + kyy + &o.
Family 6: when e; = 1, e = —(m? + 1), ey = m?,

0 (,3,2) = a0 — 2k (1= ) sd( s nel s )12, o
8ak2® kS (m2 +1)+c® +4aagk? o o

(o, ) = — SO0 Sk (1= ) sl (g el ) P

where & = ct + kix + kyy + &.

Remark 3 We note that the Jacobi elliptic function solutions established in (41)-(46) for
the space-time fractional (2 + 1)-dimensional breaking soliton equations are new exact
solutions so far in the literature.

Remark 4 Combining with other general solutions of the Jacobi elliptic equation (1)
where e, €1, ¢ taken different values, one can obtain abundant different exact solutions
from those listed above for the space-time fractional KdV equation, the space-time frac-
tional BBM equation, and the space-time fractional (2 + 1)-dimensional breaking soliton

equations, which are omitted here for the sake of simplicity.

4 Conclusions

In this paper, we have proposed a new approach for seek exact solutions of fractional par-
tial differential equations in the sense of the modified Riemann-Liouville derivative. Based
the fractional Jacobi elliptic equation, exact traveling wave solutions in the forms of the
Jacobi elliptic functions can be obtained for fractional partial differential equations. For
illustrating the validity of this method, we apply it to seek exact solutions for two fractional
equations: the space-time fractional KdV equation, the space-time fractional BBM equa-
tion, and the space-time fractional (2 + 1)-dimensional breaking soliton equations. As a
result, a series of explicit solutions expressed in the Jacobi elliptic functions for them are
successfully found with the aid of symbolic computation program. Being concise and pow-
erful, we note that this method can also be applied to solve many other fractional partial

differential equations arising in mathematical physics.
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