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1. Introduction

In recent years, fractional order calculus has been one of the most rapidly developing areas of
mathematical analysis. In fact, a natural phenomenon may depend not only on the time instant but also
on the previous time history, which can be successfully modeled by fractional calculus. Fractional-order
differential equations are naturally related to systems with memory, as fractional derivatives are usually
nonlocal operators. Thus fractional differential equations (FDEs) play an important role because of
their application in various fields of science, such as mathematics, physics, chemistry, optimal control
theory, finance, biology, engineering and so on [1-7].

It is of importance to find efficient methods for solving FDEs. More recently, much attention
has been paid to the solutions of FDEs using various methods, such as the Adomian decomposition
method (2005) [8], the first integral method (2014) [9], the Lie group theory method (2012, 2015) [10,11],
the homotopy analysis method (2016) [12], the inverse differential operational method (2016) [13-15],
the F-expansion method (2017) [16], M-Wright transforms (2017) [17], exponential differential operators
(2017, 2018) [18,19], and so on. In reality, the finding of exact solutions of the FDEs is hard work and
remains a problem.

Recently, investigations have shown that a new method based on the invariant subspace provides
an effective tool to find the exact solution of FDEs. This method was initially proposed by Galaktionov
and Svirshchevskii (1995, 1996, 2007) [20-22]. The invariant subspace method was developed by Later
Gazizov and Kasatkin (2013) [23], Harris and Garra (2013, 2014) [24,25], Sahadevan and Bakkyaraj
(2015) [26], and Ouhadan and El Kinani (2015) [27].

In 2016, R. Sahadevan and P. Prakash [28] showed how the invariant subspace method could
be extended to time fractional partial differential equations (FPDEs) and could construct their
exact solutions.

Axioms 2018, 7, 10; doi:10.3390 / axioms7010010 www.mdpi.com/journal/axioms


http://www.mdpi.com/journal/axioms
http://www.mdpi.com
http://dx.doi.org/10.3390/axioms7010010
http://www.mdpi.com/journal/axioms

Axioms 2018, 7, 10 2 0of 18

W_P[] 06>0

where g% (-) is a fractional time derivative in the Caputo sense, and F[u] is a nonlinear differential
operator of order k.

In 2016, S. Choudhary and V. Daftardar-Gejji [29] developed the invariant subspace method for
deriving exact solutions of partial differential equations with fractional space and time derivatives.

Pl Pl Jutm aﬁf aﬂ+1f a/S+nf
(,\Ow + MW 4o +Amw)f(x,t) = N(x, f, B ST 9
where N{f] is the linear/nonlinear differential operator; e j; ,j=01,---,m and 2 5P +f: ,i=0,1,-

are Caputo time derivatives and Caputo space derivatives, respectlvely, 0<uwpB g land A; € R.

In 2017, K.V. Zhukovsky [30] used the inverse differential operational method to obtain solutions
for differential equations with mixed derivatives of physical problems.

Motivated by the above results, in this paper, we develop the invariant subspace method for
finding exact solutions to some nonlinear partial differential equations with fractional-order mixed
partial derivatives (including both fractional space derivatives and time derivatives).

0" g+l 9%t o f oPF1f oftmaf 0% off
()\ow+/\1w+ +/\matlx+m )f(xrt)—N(x,f/WraxlB_,'_lr"'/axﬁ+m2 ﬂw(ﬂ)
where f = f(x,t), N[f] is a linear /nonlinear differential operator; T +{ j=0,1,---,my,m € Nand

aﬁ+zf

axlﬁ +,1=0,1,--- ,mp, my € N are Caputo time derivatives and Caputo space derivatives, respectively;

at“ (g g ) is the Caputo mixed partial derivative of space and time; k1 < a <k; +1,ky < <ky+1,
ki,kp € Nand A, u € R.

Using the invariant subspace method, the FPDEs are reduced to the systems of FDEs that can be
solved by familiar analytical methods.

The rest of this paper is organized as follows. In Section 2, the preliminaries and notations are
given. In Section 3, we develop the invariant subspace method for solving fractional space and time
derivative nonlinear partial differential equations with fractional-order mixed derivatives. In Section 4,
illustrative examples are given to explain the applicability of the method. Initial value problems are

considered. Finally in Section 5, we give conclusions.

2. Preliminaries and Notation

In this section, we recall some standard definitions and notation.

Definition 1. (See [7]) The Riemann—Liouville fractional integral of order « and function f is defined as

1 t x
() = r(“)/o (tf(x))l_adx, £>0

Definition 2. (See [7]) The Caputo fractional derivative of order o and function f is defined as

) _ ["ED"f(t) = Gy Jo (=) l’é(xn)+1dxr n—l<a<n
att fO(), a=nneN
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The Riemann-Liouville fractional integral and the Caputo fractional derivative satisfy the
following properties [3]:

r 1
144 — Mtﬁ"“", «a>0,p>-1t>0

Ir(p+a+1)
dxeb 0, J[a]l=npe{0,1,2,---,n—1}
A %, [a] =n,B € N,andp > n;orp ¢ N,andp >n—1

w n—1 gk
Ia(d f<t)):f(t) df( )

I R n—1l<a<nt>0

k=0
Definition 3. (See [7]) A two-parametric Mittag—Leffler function is defined as
0 k

Z):Zm,

k=0

a,peC,R(a),R(B) >0

noting that E,1(z) = Ex(2).

Derivatives of the Mittag—Leffler function are given as

(n) a" o (k4 n)tt _
Epp(2) = 5 Eap(z Zk,r wktan g "2
av

ﬁ(tﬁflEalﬁ(at“)) = tﬁ*"Y*lEa,/g,y(at“), a,v>0a€eR

[

;?(Ea(ﬂt“)) =aEy(at*), a>0a€cR

The Laplace transform of the ath order Caputo derivative is

df(t). .
{dt“ ;51 = ; ), n—1l<a<nnéeN,R(s)>0

where
fls) =T{f(t);s} = [ e *'f(t)dt, seR

The Laplace transform of the function t*"+F~1F “ng (£at") is as follows [9]:

nls*—P

T{t"‘”“;_lE%(iﬂt“);s} NCET

R(s) > |a|%,n =012,

We let I, be the n-dimensional linear space over R. It is spanned by 7 linearly independent
functions ¢o(x), p1(x), -, @n_1(x):

In:L{q’O(x)/@l(x)/"'/(Pn 1 }_{qu)l ‘k ERI—Ol ,7’1—1}

We let M be a differential operator; if M[f]| € I,,Vf € I, then a finite-dimensional linear space I,
is invariant with respect to a differential operator M.

3. Invariant Subspace Method; Fractional Partial Differential Equations with Fractional-Order
Mixed Partial Derivative

The FPDE with fractional-order mixed partial derivative is as follows:
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9 aa+1 oxtm P aﬁ
()\Ow‘FAlw‘i‘ +/\m18t“+m1 )f = N[f]"‘ﬂat,x( x/gf) (1)
where
P plian! op+m2
f=f(xt), N[f] = N(xf, ox /3f axﬁ+1f axﬁ+m2f)
Here, ?%ai{,] =0,1,--- ,my;m; € Nand E ﬁjj,z =0,1,--- ,my; my € N are Caputo time derivatives

and Caputo space derivatives respectively; 2 S (axﬁﬁ f) is the Caputo mixed partial derivative of space
and time; k1 < a <ky+ 1,k <B<ko+1,k;, ko € Nand Aj, u € R.

Theorem 1. Suppose 1,1 = L{po(x), 91(x), -, @u(x)} is a finite-dimensional linear space, and it is
invariant with respect to the operators N|[f] and f then FPDE (1) has an exact solution as follows:

x,t) =) ki(t)gi(x) (2)
i=0
where {k;(t)} satisfies the following system of FDEs:

k(1) dPuiani(ko(t), ki (t), - ka(t))

];)Aj prre el T = i(ko(t), k1 (t), -~ kn(t)) (3)
Here i = 0,1,---,n,{¢o, 1, -, Yu} are the expansion coefficients of N[f] with respect to

{po(x), p1(x), -, @n(X)}; {Wns1, Ynio, -+, Wouy1} are the expansion coefficients of %f with respect
to {(Po(X), (Pl(x)/ T /Ql’n(x)} .

Proof. Using Equation (2) and the linearity of Caputo fractional derivatives, we obtain

alX+]f X, t aﬂtJr] n dﬂé+]k )

2] s 2 o (S (9i() = 1 ; i) @)

Further, as I, ;1 is an invariant space under the operator N|[f] and % f, there exist 2n + 2 functions
Yo, Y1, s Yn; Y1, Yug2, -, Yauy such that

N(Z”(;)ki(t)q?i(X)) = i]tpi(ko(t),kl(t),. k(D) @i () (5)
o ﬁf E%mz Ko(£), ki (8), -+ n() () (6)

where {49, 1, - - , P} are the expansion coefficients of N Lf] with respect to {@o(x), ¢1(x),- -, ¢n(x)};

{$us1, Puio, -+, Wouy1 )} are the expansion coefficients of 2 3F f with respect to {@o(x), p1(x), -+, ¢n(x)}.
In view of Equations (2), (5) and (6),

i(ko(t), k1 (), kn(t))@i(x) +V%(éoan+1+i(k0(f)/k1(t)r' k(1)) @i(x))

n ® .
(ko (8), k1 (), - -+ kn () @i(x) + (¥ d ¢;1+1+x(ko(f}l)t/i§1(f)f Kn () 9i(x))

i=0

(i (ko(£), ka (), -+ ke (£)) i () + p ozl B halt)) o (1))

(7)

Il
[t1=Lp1=Lt
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Equations (4) and (7) are substituted in Equation (1) to obtain

E (L 4G pillo(0) k(1) - (1)) — p st gy
i=0 j=0
=0

Using Equation (8) and the fact that ¢o(x), ¢1(x), -+, ¢n(x) are linearly independent, we have
the system of FDEs that follows:

)\jda;]figt) _ yd”‘¢n+l+i(k0(t)crl;l(t), . ,kn(t)) _ l/Ji(kO(t)/kl(t)r' .. ,kn(t)) (9)

j=0
wherei =0,1,---,n. O
If FPDE (1) satisfies the conditions of Theorem 1, then FPDE (1) has a particular solution given by

Equation (2).
We consider the following FPDE:

aZa

(Al Bt“ + /\2 atZw “+Amy 5;11[; )f = N[f] + aa;k (axﬁ f)
aZﬁ oMb
= N[x f axﬁ axZﬁf 'rwf]"‘yata(axﬁf)

(10)

. . . . . g,
w:’Lere f = f(x,t), N[f] is a linear /nonlinear differential operator; at]{,] =1,2,--- ,my;m € N and
J ZJ,; ,i=1,2,---,mp; my € N are Caputo time derivatives and Caputo space derivatives, respectively;

k1 <agk1+1,k2<ﬁ§kz+1,k1,kz€NandAi,VGR.

Theorem 2. Suppose I, = L{¢1(x), goz( ), -+, @n(x)} is a finite-dimensional linear space, and it is invariant
with respect to the operator N[f] and Ci =5 then FPDE (10) has an exact solution as follows:

-

flxt) = ) ki(t)pi(x) (11)

i=1

where {k;(t)} satisfy the following system of FDEs:

% /\jdj“ki(t) AYyi (ki (1), ka (1), -+ k(1)
j=1

S T =ik (t), ka(t), - -+ kn(t)) (12)

Here, i = 1,2,--- ,n,{¢1, ¢, - ,n} are the expansion coefficients of N[f] with respect to

{p1(x), @2(x), -+, @u(X)}; {Wps1, Yus2, -, Yon} are the expansion coefficients of %f with respect to
{91(x), @2(x), -+, pu(x)}-

Proof. Using Equation (11) and the linearity of Caputo fractional derivatives, we obtain

I f(x, 1) gix 1 n Atk (t)

Z i ot Z ]at]"‘ Zk 901 Z Z i At )(Pi(x) (13)

]:] i=1 :1

Further, as I, is an invariant space under the operator N[f] and % f, there exist 2n functions
11[]1/ 1/)2r Tty lpnr l)bl’l+lr lpn+2/ ttty 1/)211 such that

N(iki(t)(m(x)) = izpi(kl(t),kz(t),. k(1) @i (x) (14)
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9x 5f Z Pnpi(ki(t), ka(t), - ku(t))@i(x) (15)

where {1,192, - - , P, } are the expansion coefficients of N[f] with respect to {1(x), p2(x), -+, ¢n(x)};
{Wns1, Yusa, -+, P2y } are the expansion coefficients of %f with respect to {1 (x), 2(x), -+, @u(x)}.
In view of Equations (11), (14) and (15),

NI )]+ gl (25 (50)
= £k ka(0), - (1) gi(x) + p s el ) e

Equations (13) and (16) are substituted into Equation (10), to obtain

n jge. n .
El ( E ]d]d]:/la(t) — (ke (), ko (t), -+ kn(t)) — yd ‘Pnﬂ(kl(t)‘é’;%(t)r (1)) )i (x) )

=0

Using Equation (17) and the fact that ¢1(x), ¢2(x), - - - , pn(x) are linearly independent, we have
the system of FDEs as follows:

Lo, ) el Bl g ) ) (09
L

herei =0,1,--- ,n. O

Remark: Theorems 1 and 2 in [27] are special cases of our results for y = 0.

4. Ilustrative Examples

In this section, we give several examples to illustrate Theorems 1 and 2.

Example 1. The fractional diffusion equation is as follows:

Ff obf 9b
i~ Coup ”atﬂc( 58

where C = constant.

Diffusion is a process in which molecules move around until they are evenly spread out in the
area. For & > 1, the phenomenon is referred to as super-diffusion, and for &« = 1, it is called normal
diffusion, whereas « < 1 describes subdiffusion.

We consider two cases of Equation (19): case 1: w € (0,1], 8 € (1,2]; case 2: « € (1,2], B € (1,2].

Casel: a € (0,1],6 € (1,2].

The subspace I, = L{1,x#} is invariant under N[f] = Cgﬁ{; and aﬁ 55fas

Nlko + k] = CkiT(B+1) € I

8/3 (ko + klxﬁ)
oxP
It follows from Theorem 1 applied to Equation (19) that Equation (19) has the exact solution
that follows:

=kT(B+1) el

flx,t) =ko(t) + ki (t)xP (20)
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where ko (t) and k1 (t) satisfy the system of FDEs as follows:

dko(t)  d*ki(t)

dki(t)
e 0 (22>
Solving the above FDE (22), we obtain
ki(t) =10 (23)

Substituting Equation (23) into Equation (21), we obtain

dko(t)
d?a = bCT(B+1) (24)
Then bCT .
Ko(t) = a+ mEﬁ:l))t“ (25)

Substituting Equations (23) and (25) into Equation (19), we obtain Equation (19) with the solution

as follows:
bCr(Bp+1)

P
Ta+ 1) t* + bx (26)

flx,t) =a+

where a and b are arbitrary constants.

It is clearly verified that the subspace I3 = L{1,xf,x?f} is invariant under N[f] = C g%f and

B

&?? f as
r2g+1)
— X
r(g+1)

r2p+1)
r(p+1)

Nko + k1xP + kox?] = CkiT(B 4+ 1) + Cks Pep

a'B(ko + klxﬁ + kzxz‘B)
oxP

We let Equation (19) have the exact solution that follows:

xﬂ613

=kT(B+1) + ko

flx,t) =ko(t) + Ky (£)xP + Ky (£)x%F (27)
where ko(t), k1 (t) and ky(t) satisfy the system of FDEs as follows:

Tholt) @10 (g 1) = crip+ Dk (0) (28)

d%k (1)  d*ko()T(2B+1)  CIr(26+1)
dl}"‘ —H dim T(B+1) T(B+1) ka(t) (29)

a0)
dte
Equation (30) implies that k(t) = a,. Thus Equation (29) takes the form

=0 (30)

d“kq (t) o a2CF(2[3 + 1)
e T(B+1)
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which has the following solution:

_ mCT(2B+1) ,
kl(i’) =a1+ Wf

Similarly, Equation (28) yields

mCr(B+1)2+auCr(2+1) ,  aCT(28+1) o,
Ta+1T(B+1) I'(2a+1)

ko(t) =ag+

Thus, Equation (19) has the following solution:

B CT(B+1)2+auCr (28+1) 4 C?T(28+1) ,24
flot) = (a+ ™ (/3r(a+1)ﬁ£+1§ Er g ﬂzr(zafl) i)
CT(2B+1) 4o

T(p+1)

(31)

+(ay + )xP + ayx2P

where ag, a1 and a; are arbitrary constants.
It can be easily verified that , = L{1,E 5(36!3 )} is also an invariant subspace with respect to
_c¥f Pl

N[f] = C5pand 5 5f, as

B
N[ko +k1Eﬁ(xﬁ)} =C

-5 (ko +kiEg(xP)) = CkyEg(xF) € I

9 (ko + k1 Eg(xF))
oxP
We consider the exact solution of the form

= klEﬁ<xB) ebh

fx,t) = ko(t) +ki(t)Eg(xF)

where ko (t) and kq (t) satisfy the following system of FDEs:

dko(t)
o) _ e
A= Ok (1) ygt)j“h(t) = Cky(t) (33)

Clearly, ko(t) = a. Solving Equation (33) with the Laplace transform method, we obtain
the following:

IfuC #1,
— C 14
Thus Equation (19) has the exact solution that follows:
= o :B
f(x, ) a+bEa(1_th JEg(xP) (34)

where a and b are arbitrary constants.
We find that Equations (26), (31) and (34) are distinct particular solutions of Equation (19)
under distinct invariant subspaces. Subspace 1,1 = L{1, xP,x2B,. .. x"P },n € N is invariant under

_c¥f P
N[f] = C55and 5 5f, as

Nlko +k1xf + -+ kyx™] = ClyT(B+1) + L2284 o COIGEED (-1)p
€ Inp
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Thus we obtain infinitely many invariant subspaces for Equation (19), which in turn yield infinitely
many particular solutions.

Case2:a € (1,2],6 € (1,2].

Clearly, subspace I3 = L{1,x, x*f} is an invariant subspace under N[f] = C g% and % f,as

r2+1)
B 28] — Heprl) g
Nlko + k1xP + kox“P] = CkiT(B + 1) + Cka F(ﬁ+1)x €l
0P (ko + kixP + kox?P) F(28+1)
= kT ) +hky—t Tt xP e
oxP T+ gy eh

We look for the exact solution that follows:
Fx, t) = ko(t) + ky (£)xP + ko (£)x2P

where ko(t), k1 (t) and ky(t) are unknown functions to be determined; ko(t), k1 (t) and ky(t) satisfy the
system of FDEs as follows:

dko(t)  d%q(F)

At —H A F(IB + 1) = CF(IB + 1)k1(t) (35)

d*ki(t)  d*k(H)T(2B+1)  Cr(28+1)
dl}"‘ —H d?ac r(ﬁ+1) = F(ﬁ—l—l) ka(t) (36)
T =0 (37)

Solving Equations (35)—(37), we obtain
ko(t) = dq + dot

Cair(2+1) CdI' (28 +1) a1
(B+1)T(a+1) F(B+1)T(a+2)

2
ko(t) = ay + ant + Cb1r<ﬁ+1r)&iclglzr(25+l)ta i Cbzr(ﬁﬂr)aczrjzr(zﬁﬂ)ta+1 e {{giiﬁ;)rl)tm

C2dyT(2B+1) 2041
+ r%zmz) t

kl(t) =by + bt + T

Then, we obatin the exact solution of Equation (19) as

2
Flt) = (an -+ agt + COTEHCEICED) i CT B CHICE) a1 |, CHTCEH) n

C2d,T(28+1) CdiT(28+1) CdpT(28+1)
+ Tt ) (b bt i Fp et R+ (dn o)

where a1, ap, b1, by, d1 and d; are arbitrary constants.
When « and p are other numbers, we can similarly obtain the exact solution of Equation (19).
Next, we find the closed-form solutions of FPDEs satisfying initial conditions using the invariant

subspace method.

Example 2. We have the following FPDE with the initial condition as follows:

« B B x P

Fx,0) =3+ JEp(xP) (39)



Axioms 2018, 7, 10 10 of 18
The subspace I, = L{1, Eg(xP)} is invariant under N[f] = (aﬂ)2 —f(gﬁTJ;) and %f, as
Nlko + k1 Eg(xP)] = (k1Ep(xP))? — (ko + k1 Eg(xP) k1 Eg(xP) = —kok1 Eg(xF) € I
9P (ko + k1 Eg(xF))
oxP

We consider the exact solution that follows:

= klE’g(xﬁ) el

fx, t) =ko(t) + kl(t)Eﬁ(xﬁ) (40)

where ko(t) and k; (t) are unknown functions to be determined.
By substituting Equation (40) into Equation (38) and equating coefficients of different powers of x,
we obtain the following system of FDEs:

d*ko(t)
Frrane 0 (41)
d%kq (t
- T80 em ) (®2)
We obtain ko (t) = a, and Equation (42) takes the following form:
Ifp#1,
dlxk] (f) - a

Then using the Laplace transform technique, we obtain

s*ky(s) — s* ke (0) = " ki(s)

Using the inverse Laplace transform, we obtain

a

() = b (0B

)

which leads to the exact solution of Equation (38) that follows:
F(x,t) = a+ bEy(———1%)Eg(xP)

, i1 B

where a and b are arbitrary constants.
Thus the exact solution of Equation (38) along with the initial condition of Equation (39) is

5 3
f(x,t) =3+ EEa(ﬁt )Ep(xF)

Example 3. The fractional wave equation is used as an example to model the propagation of diffusive waves in
viscoelastic solids. We considered the fractional wave equation with a constant absorption term as follows:

200 B B o B
= e ) 1t (B e (1] ®3)
f(x,0) =e+ f L fi(x,0) =1—«xP (44)

r(p+1)
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Clearly, the subspace I, = L{1,xf} is invariant under N[f] = % (fg%j) —1land %f, as

oP
Nlko + kyxF] = (ko + kixP)eT(B+1) —1=KT2(B+1)—1c ]
8/3 (ko + klxﬁ)
oxP
By an application of Theorem 2, we know that Equation (43) has the exact solution as follows:

= kll“(/i + 1) S 12

F(x,8) = ko(t) + K (£)xF
where ko (t) and k1 (t) satisfy the system of FDEs as follows:

20 o
‘ dlffa(t) —u Za(t)r(ﬁ +1) =K ()2 p+1) -1 (45)

d>*kq (t)
dt2«
Solving Equations (45) and (46) we obtain the following;:
Case 1: when 0 < a < %:

=0 (46)

ki(t) = by

b%rz(ﬁ + 1) -1 20

kolt) =m+ =51

Thus Equation (43) has the exact solution that follows:

b%r2(‘B + 1) — 1t21x

B
Taws1) | ) +Hhe

flx,t) = (a1 +
where a7 and by are arbitrary constants.
By the initial conditions of Equation (44), we obtain a; = e and b = %
Hence the exact solution of Equations (40) and (41) is

xﬁ
f(x,t) =e+ m

Case 2: when% <wu<l1:
ki(t) = by + byt

_ T(B+1) op1 , BIT2(B+1) =1 oy 26102l (B+1) 541 | 205T2(B+1) oyir
ko(t) = a1 +axt + by oyt T(2a+1) T(2a +2) T(2013) '

Thus Equation (43) has the exact solution that follows:

T(p+1 b2 (B+1)-1 2b1bp T2 (B+1 20312 (B+1
flx,t) = (a1 + agt + puba rggizg 4 r((z[zcﬂ)) B2+ 1r(221:ciﬁ;)r SRR 12(213((5*3) i)

+ (b + bzf)xﬁ

where a1, ap, by and by are arbitrary constants.
Substituting the initial conditions of Equation (44), we obtain a; = ¢,a, = 1,b; = ﬁ and
b, = —1.

Thus the exact solution of Equations (43) and (44) is

P(B+1) it 2X(B+1) oy | PB4 a1

flat) = (e+t_yr(a+2) T(2a+2) I(2x +3) T(p+1) ~0f
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We consider the following fractional generalization of the wave equation with a constant
absorption term:
ort1 f 9P 9P f Pl
ofa+1 _ﬁ(faxﬁ) +‘uat9¢(a l;f)

a,B € (0,1] (47)

We know that the subspace I, = L{1,xP} is invariant from the above. In view of Theorem 1,
Equation (47) has the exact solution that follows:

flx, ) = ko(t) + ki ()2
where ko (t) and kq (t) satisfy the system of FDEs as follows:

A Hko(t)  d%(t)

o) B O 1) = (e +1) -1 (49
a+1
%:o (49)

Solving the system of FDEs (48) and (49), we obtain

ki(t) = by + bot

T2 +1) -1 gt ubT(B+1)

2 25272 1
Ko(t) = ay + agt + L 2 2016,T%(B+1) 40 5 (B + )t/x+3

T(a+2) 2 T(a+3) [(a+4)

Therefore Equation (47) has the exact solution that follows:

212
Flx,t) = (a1 + apt + 2 bl Eﬁ*? patl %bzr(25+1)t2 + Zblbzr2(ﬁ+1)ta+2 +

(ﬁ+1)tﬂé+3)
(b ) ) p T(a+3)
1+ bat)x

(tx+4)

where a1, a3, b and b; are arbitrary constants.

Example 4. The Korteweg—de Vries (KAV) equation describes the evolution in time of long, unidirectional,
nonlinear shallow water waves. We considered the fractional KdV equation that follows:

o*f off of of f2 o*  of
o axﬁ(ﬁ(ﬁ(j)))‘??‘ﬁ(ﬁﬁ/“rﬁé (0,1] (50)
I3 = L{1,xP,x?P} is an invariant subspace under N|[f] = g%(a—ﬂ(a—ﬁ(%))) and aﬁf as
KT(48 +1)
p 26 — 22 \FP T ) B
N[ko—i-klx + kpx ] klkzr(3ﬁ+1)+ 21"(,84—1) xP € I3
0P (ko + k1 xP + kpx?P) koT(2B8 +1)
=kT(B+1)+ 2P el

We consider an exact solution that follows:
Fx,t) = ko(t) + Kk (£)xP + ko (t)x2F

where ko(t),k1(t) and ky(t) are unknown functions to be determined. It follows from Theorem 1
applied to Equation (47) that ko(t), k1(t) and k(t) satisfy the FDEs as follows:

d“;(fa(” - yd“;‘tla(f) L(B+1) =T(3B+1)ki(t)ka(t) (51)
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dk(t) k(1) T(2+1) T(4B+1),,

o M T gt (52)
dka(t) _
d:ﬂ =0 (53)

Solving Equation (53), we obtain k;(t) = c.
Hence Equation (52) has the form

d*ky(t)  PT(4B+1)

dre  2T(B+1)
btain
e obra (8 — b AT(4B+1) "
1(8) = TG I T L)

Similarly, we obtain

N 2bcT (3B +1) + uc®r(4p+ 1) o ST+ 1)T(38+1) 2

ko(t) =a (a+1) 2T(B+1)r(2a +1)

Thus the exact solution of Equation (50) is

2bcT (38+1)+pucT(4+1 AT (4p+1)T(38+1 2T (4p+1
flet) = (a+ 2L ﬁzr)(afn Woel) g 4 ZF((ﬂil)%(gofi-l))tza) +(b+ ‘zr(5+(14)ﬁr(a3rf) )P

+ cx?F
where a, b and c are arbitrary constants.

Example 5. The fractional version of the nonlinear heat equation is as follows:

o B B x p

Clearly, the subspace I, = L{1,xP} is invariant under N[f] = g% (f%) and a%f’ as

Nlko + k1xP] = aafﬁ((ko + ki xXP)aT(B+1)) =KBT2(B+1) € I

8/3 (ko + klxﬂ )
oxP
It follows from Theorem 1 that we consider the exact solution of Equation (54) as follows:

—kT(B+1) €D

f(x,t) = ko(t) +ki(t)xP

such that g G
dfa( ) d;f Ir(p+1) = Brap+1 (55)
4%k (1)

dte

Solving Equations (55) and (56), we obtain

=0 (56)

ki(t) = b

P2 (B+1) 4

kolt) =a+ o7y
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We obtain an exact solution as follows:

VPI2(+1)

") o paP
Tat1) t*) + bx

f(x,t)=(a+

where a and b are arbitrary constants.
Next, we consider the integer-order differential equations in [30]. We can obtain some new
different solutions using the invariant subspace method.

Example 6. The modified hyperbolic heat conduction equation with the mixed derivative term is as follows ([30]):

02 02 02
a—g:%vazf—sm (57)
f(x,0) = g(x), f(x,00) < o0 (58)

where €, K = const.

Clearly, the subspace I, = L{1, x} is an invariant subspace under N[f] = g%r +x2fand 2 f, as
Nlko + k1x] = K2k0 + szlx el

d (k() + klx)
ax
We let the exact solution be as follows:

=k1612

flx,t) =ko(t) +ki(t)x

where ko (t), k1 (t) are unknown functions to be determined, and ko(t) and kq (t) satisfy the system of
differential equations as follows:

d*ko(t) S0
dar? dt
d%ky (t)

= ko (t) (59)

= 1%k (1) (60)

Solving Equation (60), we obtain

Hence Equation (59) has the form

d?ko (t
d?2( ) _ K2ko(t) = byexe ™ + byexe®
We obtain
ko(t) = are ™ + age™ — ME ot _ 028y it
2 2
Then, we obtain the exact solution of Equation (57) as
fx,t) = are ™ + aze™ — DEprt _ D28yt | (bre ™ + bye)x (61)

2 2

where a1, a3, b1 and by are arbitrary constants.

Substituting the conditions of Equation (58) into Equation (61), we obtain a, = by = 0 and
a1+ byx = g(x).

When g(x) has linear dependence on x, Equations (57) and (58) have the partial solution



Axioms 2018, 7, 10 15 of 18

a€
flx,t) = aje ™ — %te*’“ + bxe ™

where a1 + b1x = g(x).

When g(x) is not linearly dependent on x, Equations (57) and (58) do not have the form of the
solution given by Equation (61).

The subspace I,,;1 = L{1,x,x%,--- ,x"},n € N is invariant under N|[f] = 327; +x2fand 2 f, as

Nlko + kyx + - - + kyx"]
= (k%ko +2ko) + - - + (K%ky_p +n(n — Dky)x" 2 + x%k, 12" 4 12k, x"
€ In+1

d(ko +kix + - - +knx™)
ox
Thus we obtain infinitely many invariant subspaces for Equation (57), which in turn yield infinitely
many solutions. If ¢(x) is a polynomial, we can obtain an exact solution of Equations (57) and (58).

=kithox+- k¥ el

Example 7. The Fokker—Planck equation is the following ([30]):

aZf aZf f 82
a2~ v TP fanx (62)

where w, B,k = const.

Clearly, the subspace I, = L{1, x} is an invariant subspace under N[f] = zx + ﬁx and 2 S as
N[ko +k1x] =pkix el

a(ko + klx)
dx

We suppose the exact solution that follows:

f(xt) =ko(t) + ki (t)x

:klEIZ

where ko(t) and k1 (t) are unknown functions to be determined; ko(t) and k1 (¢) satisfy the system of
differential equations as follows:

2
Tl — o (63)
2
d ;((;2(1’) B dk;Et) (64)

Case 1: when 8 > 0:
kl(t) = b1€7\/’gt + bze\/ﬁt

ko()—ﬂ1+ﬂ2f+7 VB 2

VB VB

Thus Equation (62) has the exact solution that follows:

f(x,t) = (a1 + axt + ﬁe ~VB j%e\/gt) + (ble_\/ﬁt + bze\/Bt)x

where a1, a3, b1 and by are arbitrary constants.
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Case 2: when 8 = 0:
ki(t) = by + bot
ko(t) = —%tz +ay + ast

Thus Equation (62) has the exact solution that follows:

b
Flx,t) = (—872152 Fay + agt) + (by + bot)x

where a1, a3, b and b; are arbitrary constants.
Case 3: when B < 0:
£ = blcos\/— t—f—bzsin\/— t

\/7 \/7t+ cos\/7t

Thus Equation (62) has the exact solution that follows:

ko(t) =ay + apt —

F

f(x,t) = (a1 + axt — *sm\/ Bt + *cos\/ Bt) + (b1 cos \/—Bt + by sin \/—Bt)x

where a1, ap, b1 and by are arbitrary constants.
The subspace I,,1 = L{1,x,x2,--- ,x"},n € N is invariant under N[f] = il /Sxaf and 2 f,
as
Niko +kyx + -+ - + kyx"]
= aky + (aks + Bk1)x + - - + (Bky_1(n — 1))x" 1 + Bkynx"
€ In+1

(ko +kix + -+ + kyx™)
ox

Thus we obtain infinitely many invariant subspaces for Equation (62), which in turn yield infinitely

=kithox+- k¥ el

many solutions.

5. Conclusions

The present article develops the invariant subspace method for solving certain fractional space and
time derivative nonlinear partial differential equations with fractional-order mixed partial derivatives.
Using the invariant subspace method, FPDEs are reduced to systems of FDEs; then they are solved by
known analytic methods. In general, FPDEs admit more than one invariant subspace, each of which
that has the exact solution. In fact, FPDEs admit infinitely many invariant subspaces. The invariant
subspace method is used to derive closed-form solutions of fractional space and time derivative
nonlinear partial differential equations with fractional-order mixed partial derivatives along with
certain kinds of initial conditions. Thus, the invariant subspace method represents an effective and
powerful tool for exact solutions of a wide class of linear/nonlinear FPDEs.

The bases of invariant subspaces usually are orthogonal polynomials, Mittag—Leffler functions,
trigonometric functions, and so on. What kinds of spaces are the invariant subspaces of one FPDE?
At present we can only try one by one. Although we have found some invariant subspaces of the
equations examples above, are there any more invariant subspaces of the equations? We hope to find a
simple discriminant method for finding the correct invariant subspaces for FPDEs.
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