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Abstract In the present paper the process of finding new solutions from previous solutions of
a given fractional differential equation (FDE) is considered. For this issue, first we
should construct an exact solution by using the symmetry operators of the equation.
Then, the commutator brackets of the obtained operators give new solutions from
old ones via a systematic method.
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1. INTRODUCTION

In the last decade FPDEs have attracted considerable interest. This kind of equa-
tion plays an important role in various fields of sciences, for example engineering, elec-
trochemistry, biology, economics, modeling, electronics, dynamics, and many other
sciences [10, 12, 13]. Lie symmetries method have many efficient applications in
physics and mathematics. As an important application of symmetry operators is the
reduction procedure. This is possible from a similarity variable obtaining from the
symmetry and Erdelyi-Kober. In this paper time FDE

Difu = 2z, + f(2)uy, (1.1)

is considere, where D{*u is the fractional derivative of order o, 0 < o < 1 and f(z)
is an arbitrary function.
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Firstly, we present the complete algebra of Lie point symmetries for Eq. (1.1). With
the aid of calculated symmetries, Eq. (1.1) is reduced and a list of exact solutions are
found [1, 2, 8, 9]. The main goal of the paper is to build new solutions from the old
ones by using the obtained exact solutions.

Some researches applied Lie group method for FDEs in the sense of the Caputo
derivative and derived similarity solutions [4, 11]. In this work, we give group classi-
fication of Eq. (1.1), based on Riemann-Lioville derivative [5].

The organization of the paper sets in 6 sections; In section 2, we give some notations
and preliminaries of equation with fractional order. The infinitesimal transformations
and the determining equations of Lie symmetries are introduced in section 3. Section
4 is devoted to reduction precess for obtaining exact solutions of Eq. (1.1) in three
separated cases. New exact solutions with the aid of obtained solutions, are presented
in section 5. Finally, section 6 is dedicated to obtained results.

2. FRACTIONAL CALCULUS

There is no unique definition for fractional derivatives, such as modified Riemann-
Liouville derivative, Grunwald-Letnikov derivative, Caputos, Riesz, Miller and Ross
fractional derivative . Here we consider the most common definition named in Rie-
mann and Liouvill derivative. In the sequel that, based on what is required in this
work we give some basic definitions and properties of the fractional calculus theory
[6]. Let us define

af _
DEf(t) =1 a4 (2.1)
—I"7Yf(t) 0<n—-1l<a<mn,
dtm
where n € N | I8 f(t) is the Riemann-Liouville fractional integral of order 3 , namely
1 t
Pi0 = o [ ¢-9 Vs 50
L'(k) Jo

By definition, we have I° f(t) = f(t) and it satisfies the stability property I;* I f(t) =

It f(t) and T'(v) = / " Ye™%dx, v € R, is the standard gamma function.
0

Definition 2.1. The Riemann-Liouville fractional partial derivative is defined by,

o a=n
opult,r) =4 o 1 on gt ) B
[ _ \n—a— <n—1
L(n — ) dtr /o (t—s) u(s,x)ds 0<n <a<n,

where 0} is the usual derivative of integer order n.

Some useful formulas and properties of Riemann-Liouville derivative have been
summerized in [7].
ao
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The laplace transform of Riemann-Liouville fractional derivative of order a > 0 is
[14]

L{D*f()} = s"F(s) = > s*{DF " f () }i=o- (2.2)
k=0

where L{f(t)} = F(s) = / e ' f(t)dt. A two-parameter function of Mittag-Leffler
0

type was defined by the series expansion [15]

Z T ak ol a, B € C, Re(a) > 0, Re(B) > 0.

k=0
Some of the relationships are as follows:

DY[tP B, g(at™)] = PV B, 5, (at®), v>0, a>0, a € R.

o _ k a k!Sai’B 1
L{t*+ =1 1) (2at®)} = GrraET Re(s) > |a|=

Definition 2.2. The Erdelyi-Kober fractional differential operator P;*® of order o
is defined as [6]

(570) =TI (- 038) (572) o

_f o]+l a¢N
T« a €N,
where
( g,ag) :: ﬁ [ (w— 1) g(0uF )du o >0 (2.3)
q(0) a=0,
is the Erdelyi-Kober fractional integral operator.
Also we have
o o d
X T,n—o — xX—n _ x—nt+a+ln—«
o [t (K7 )}(9) - ¢ J]:[()( n+1+j+a0de> (K g)(e)
= v (ByT) (2.4)
if
0 d u
tag(ﬁ) a@dag(ﬁ) 0 = xt®.

2D
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3. SYMMETRY ANALYSIS OF FDESs.

Lie symmetries with the prolongation formula for FDEs have been given by Gazizov
[3]. According to this method, Eq.FDE (1.1) is invariant under a one parameter
continuous transformations with parameter ¢ [16, 17, 18],

t* =t+ef(t,m,u) + O(?), * =x+e(t,z,u)+ O(e?),
o%u* 0%

ut=uten(tz,u) + 0, o= oo (Mt zu) + 0,
ou*  Ou o Ot 9% 5
_ ou T ¢ _ 2" TT t
9 D +eC®(t,z,u) + O(e%), 97 = 922 + ¢ (t, x,u) + O(e%),
(3.1)
where
" = Dun-— uthfo - u:cDxflv (" = D,(" — Uxthfo - uxxDx§17
0%n 0%u 0%n = [« _
ot 2 —ab (AN u D 1 pDe—n
= G D) gy gt = 2 (%) reDE
= a\ d"n Q@ _
uwo Dn+1 0 Da n
o3 () e ()] e e
(3.2)
and
X I I a0 (k) 1 e am gn—mtk
_ Nt (k=T
r= Z Z 2 - (n> (m) (7’) o) Warm™ apmaer
n=2m=1k=1r=0
« I'(a+1
also (n) = F(nJrl)(F(allfn)'
Here D, denotes total derivative operator defined by:
0 0 0
D, =— — —F ...
T Ox +uI8u +um(‘9uz +
If
0 0 0
x =09 19 9 )
ot g g (3:3)

be a symmetry operator for the Eq. (1.1), which is known in the literature as an
infinitesimal operator or generator of the group G, we must have

dt* dx* du*
0 = -— — 1 = —-—— — = —-—— —0.
&= de |5—0 § de |E—0 n de |5—0
According to the infinitesimal invariance criterion, Eq. (1.1) admits transformation

group (3) if the prolonged vector field Pr(®? X annihilates (1.1) on its solution,
namely,

Pr@2 X (A) |yo = 0, A = Dffu — 2ugy — f(2)Uy.

(e
BE
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The operator Pr(®? X takes the form:
Pr(a,Q)X =X+ Caﬂtaa;"u + Cwauz + waau

where ¢* and (** are defined in (3.2). Now, we will investigate the invariance prop-
erties of the time fractional Eq. (1.1). The invariance criterion takes the form

(0" = (uge + ' (@)ug)€" = f(2)¢" — 2™ = 0. (3.4)
Solving (3.4) along with (3.2), we derive the following characteristic system:
& =& =6 =& =N =0,
oy — &y — € — a(n, — 26;) =0,
—af(@)& — f'(@)& + f(2)& — (2npu — &50) =0,
O7n — udnu — f(2)1 — T1e = 0,

o n _ o n+l¢e0
(Yoraa- (2 Jore o

With classification of solution of this system, we obtain solution of Eq. (1.1), for
arbitrary f(x) and « € (0,1], such as
& =it + e, £ = aciz + e3v/7, n = Fi(x)u+ Fy(t, x),

where c1, c5 and c3 are arbitrary constants.
For three cases we obtain different symmetries for Eq. (1.1).

e For 8 = f(x) =3, Eq. (1.1) translates to:

zx )

Diu = 2z, + %uL (3.5)
The Lie symmetries of Eq. (3.5) are found as follows:
X1=ax8£+t§t, Xz:\/gaa:c’ X3:%7
Xe=ug..  Xp=Fh(to)g.. (3.6)
e For 8 = f(x) =2, we have
Dfu = 2y, + gux, (3.7
with Lie symmetries,
0 0 0 0
Xlzax%—f—ta—{, 8)(3:&, 4—ug—u,
X5 =g~ 35 e Fy(t @) 5. (3.8)
e For f = f(x) = ;&fﬁ), the Eq. (1.1) turns to
Diu = 2z, + Mux, (3.9)

2(1+/x)
B
EE
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with following symmetries:

0 0 0 0 a 0
Xo=gp Kazug,  Ke=arg et o m) Yo
1
Xoeval oL L9y - B (3.10)

or  2(1++x) ou ou’

4. EXACT SOLUTIONS OR REDUCTION EQUATIONS BY USING LIE METHOD

In this section we give some exact solutions for Eq. (3.5).

e At first, we consider the symmetry X; = oaxa% + t%, the corresponding
characteristic equation is of the form:

dr dt du
ar t 0
Integration of (4.1) provides the following similarity function

u=g(t,z) = g(0) = g(xt™).
Letn—a<a<n,n=12,3,....
According to the Riemann-Liouville fractional derivative, once we get:

(4.1)

0%u 0 1 K L o
Pu 0L [ et (glasas) 12
= awra [ 0 (stes s (12)
Let v = 57 we have ds = —%du. So the above statement can be expressed
as:
0“u 0 1 ¢
- e —(n—a+1) _1)n—a-l 0v*)d
ot otn F(n—a)/o Y (v=1) 9(6v")dv
0 1n—
- (ol
ot [t ( £ 79)0)
n—1 d L
_ —a _ . o Mn—Q
¢ J];[O (1 a+j +ed9) (Ké g) 9)
— o (Pi_a’ag> ). (4.3)
By substituting the solution u = g(2t 2 ) into FPDE (3.5), one can get:
0%u 1 1
T = TUpy + —Uy =10 ~ge). 4.4
gpa — Puae + U (Og¢e + 59¢) (4.4)
Thus, the time fractional equation (3.5) can be reduced into an FODE:
—oa 1
(PL9) (0) = 09" + 54" (4.5)
e For X, = /2, with substituting u = g(t) in Eq. ( 3.5) we have % =0.

tafl

So with the aid of Laplace transformation (2.2) we obtain g(t) = e
e For X3 = %, by using u = g(z) and placing it in Eq. (3.5), we have zg” +
19/ =0. So g(x) = c1 + 2/ is a solution of Eq. (3.5).
Other solutions under symmetries X7 + X4, Xo + Xy and X3 + X, are
summerized in Table (1), where A = 2\/at=“e~"Ey 1_,(t).

(e
BE
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TABLE 1. Results For FDE (3.5)

Symmetries Exact Solutions Reduced equations
X, u = glat=*) = g() (PL"g) (6) = 69" + 14"
a—1 &
X, U= Ty
X3 u=cy+ co/T
X1+ X, u = tg(zt=*) = tg(0) (PIg) (60) = 09" + b4
Xo + Xy u = GQﬁtailEoﬁa(ta)
X3+ Xy || u=el[c;sinh(A) + ¢z cosh(A)]

The exact solutions of Eq. (3.7) and (3.9) are given in Tables (2) and (3)
respectively. Graph of solutions are shown in Figure 1, 2, 3 and 4 too.

TABLE 2. Results For FDE (3.7)

Symmetries Exact Solutions Reduced equations
X, u = glat=) = g(0) (PLg) (0) =
99” + %g/.
X3 U = 011 + %
_ 1t
X5 U= ET®
X3 + X4 u = % [Cl smh(A) + Co COSh(A)]
TABLE 3. Results For FDE (3.9)
Symmetries Exact Solutions Reduced equations
X3 u=cy+ 1:3/5
X u= L glat=) = 2L2g(9) (PI7g) (0)
— 99” 4 %g/'
_ e
X7 e o I
X3+ X4 u= 1:—\/5 ¢1 cosh(2+v/ax) + CQ@WW

5. NEW SOLUTIONS OBTAINING FROM OLD ONES

In the previous section we found some exact solutions by using symmetry operators.
In this part we may construct further solutions by the property that symmetries map
solutions to solutions. To construct new solutions, one uses the property that the
Lie bracket of X; with X, gives another member of the class of symmetries of the

(&)
EE
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form of Xp,. This provides a route to the generation of new similarity solutions
associated to X;. The structure of the new solutions constructed from Lie brackets

gLt

of the symmetries are coming in Table 4 with B = ?f:)

TABLE 4. New solutions

Lie Brackets New Solutions
[Xo Xr) = (Vo) & Vathe =0
Eq. (3.5) [Xa, Xa] = (%> o it =0
(X2 + Xy, X5, = (\/5857}“ - fold) 2 Valldd — foq =0
(X5 + X4, Xp,| = (%—‘;‘d — fold) 2 et [2 sinh(2v/B) + 2cosh(2\/§)]
x | 28] [t
—Joa =0
Xs, Xp] = (22) 2 2ya =0
Eq. 3.7) || [X5,XR]= (\Faf{’ld + ﬁfold) 2 Va4 ﬁfold =0
(X3 + X4, Xp,] = (afold fold) 2 \% {2 sinh(2v/B) + 2cosh(2\/§)}
< [t + 28| [mesticom
—Joa =0
[Xa, Xp] = (%) & oia —
Ea. (3.9) | [Xr, Xp) = (Va2 + gfaes) 2 Vel 4 s — 0
(X34 X4, Xp,| = (3’;‘;“ fold> 2 af"ld — fola =0

6. CONCLUSION

In the present paper, we studied the time-fractional Eq. (1.1) in the sense of Lie
point symmetry analysis. The complete classifications of the fractional Eq. (1.1) are
presented and all of the geometric vector field of this equation are obtained. We have
shown that, by using of Lie analysis, Eq. (1.1) can be transformed into FODE, and
the reduced equation is an FODE with Erdelyi-Kober operator. Some exact solutions

are found and consequently by using obtained solutions we present another solutions
for Eq. (1.1).
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a=12 a=1/3

a=1/4 a=1I5
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FIGURE 3. u = \/—; [sinh(A) 4 cosh(A)]
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FIGURE 4. u =
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(I+vz)I(a)
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