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1. Introduction

Fractional calculus has developed rapidly in recent decades. It has been successfully applied in
many aspects of science and technology. At the same time, many related masterpieces emerged, such
as S. Samko et al. [1], I. Podlubny [2], R. Hilfer [3], A. Kilbas et al. [4], etc.

Time delay is a common phenomenon in real world [5]. In order to describe the models more
accurately in many practical systems, we need to take fractional calculus and delay into consideration
together. Therefore, it has a significance to study the solutions and their characteristics of fractional
differential equation with delay.

Many analytic techniques have been developed to deal with fractional differential equations
(FDEs). Among them, the Lie symmetry analysis method is an effective technique to derive exact
solutions of FDEs. This method was initially advocated by Norwegian mathematician Sophus Lie in
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the beginning of nineteenth century and was further developed by Ovsianikov [6] and others [7-12].
The Lie symmetry analysis method of differential equations has been extended to FDEs by Gazizov
et al. [13] (see also [14,15]). The effectiveness of this method has widely been demonstrated in
variety of nonlinear fractional partial differential equations occurring in different areas of applied
science (see [16—18]).

Recently, there are some literatures studying delay fractional differential equations by Lie
symmetry technique (see [19-21]). Complete Lie group classifications of first- and second-order
delay ordinary differential equations are obtained by Dorodnitsyn et al. [22] and Pue-on and
Meleshko [23], respectively.

In [19], Aminu M. Nass studied the Lie symmetry analysis of fractional ordinary differential
equations with neutral delay as follows

Diy(x) = a(x)y(x — 1) + b(x)y'(x — 7) + d(x)y(x) + g(x).

The author use symmetry analysis method, establish infinite dimension symmetry algebras and obtain
the exact solutions to the equation. Aminu M. Nass [20], Kassimu Mpungu and Aminu M. Nass [21]
presented the complete Lie group classifications of delay fractional differential equations.

In this paper, we continue the study and extend the Lie symmetry analysis to the following equation

D{y(x) = a(x)y(x = 1) + b(x)y'(x = 7) + d(x)y(x) + e(x)y' (x) + g(x), (FODE)

where the coefficients a(x), b(x), d(x), e(x) and g(x) are arbitrary functions with respect to independent
variable x, the delay 7 > 0, and 0 < @ < 1. This equation appears in many fields, such as population
dynamics, prey-predator systems, viscoelasticity, heat flow and so on. we set out to obtain the Lie
symmetries of (FODE) by the Lie point symmetry approach.

Moreover, we carry out the complete group classification of the equation, and get some concrete
periodic invariant solutions to (FODE).

This paper is organized as follows. In Section 2, we recall the definition of the Riemann-Liouville
fractional derivative and some relevant properties. In Section 3, we compute Lie symmetries for the
fractional ordinary differential equation (FODE) and complete the group classification of the equation.
In Section 4, some group invariant solutions for the (FODE) are constructed. The conclusion is given
in the last section.

2. Preliminaries

In this section, we recall some standard definitions and notations in fractional calculus. For
convenience, we suggest that one refers to [1-4] for details.
Definition 2.1. The Riemann-Liouville fractional integral operator of order a > 0 of the function
fit)e L'([a, b],R,), denoted by 17 , is defined by

N
F@ J, ==

JUf(0) = £(D),

where I'(s) = fooo x~le™*dx is the Gamma function.

altaf(t) =

t>a,
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Definition 2.2. The Riemann-Liouville fractional differential operator of order @ > 0 of the function
fit)e L'([a, b],R,), denoted by ,D? , is defined by

L_d (TS —l<a< €
oDy f(1) = DRI~ f(1) = § M) dr f“ X @<nnel
(@), o=neN

fort > a.
If @ =0, then , D f(t) = f(2).
Some properties for the Riemann-Liouville fractional derivative and integral are as follows:

T+ 1)
[ = ———— 0,8>-1,1>0
= Fprary 0 @7 0P L0
r 1
ODfrB:Ltﬁ“’, a>0,8>-1,t>0,
T@—a+)
o 3 S 0D f(O)i=0 st
oltthf(t)—f(t)—kZ:;mt s t>0,n—1£cx<n,n€N,

oDYIYf(t) = f(), a>0,t>0.

The generalized Leibnitz rule for the Riemann-Liouville fractional derivative has the following form

DI FD) = (Z)aD?‘"f(r)Di‘g(t), a>0,7>a,
k=0

@\ _ T(a+1)
where (k) ~ Tle—k+DIG+D)"

If a = 0, we denote ,Df f(t) = DY f(¢) for simplicity.
3. Lie symmetries of the fractional ordinary differential equation

Consider the fractional ordinary differential equation with neutral delay as follows,

Diy(x) = a(x)y(x — 1) + b(x)y'(x — 7) + d(x)y(x) + e(x)y'(x) + g(x), (3.1

where the coefficients a(x), b(x), d(x), e(x) and g(x) are arbitrary functions with respect to independent
variable x, the delay 7 > 0,and 0 < a < 1.

We assume that the FODE (3.1) is invariant under the one-parameter(e) Lie group of continuous
point transformations in (x, y) plane, i.e.,

X=x+€&(x,y) +o(e)

y=y+enx,y) +o(e)
Vr = Yr + €n; + 0(€) 3.2)
y =y +en' +o(e)

Y = Yy + €y + o(e)
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D3y = Dy + en” + o(e)

for some smooth functions &(x,y) and n(x, y) known as infinitesimals, and y, = y(x — 1), & = &(x —

7,y(x = 1)), e = n(x = 7, y(x = 7))
According to the Lie group theory, the group generator X of the point transformations (3.2) is
expressed as

0 0
X =&(x,y)— +n(x,y)—. 3.3)
0x ay
So the prolongation of the above group generator X has the form

9 9
dy; i Ay’

0
prX = X+7] oy +nT (3.4)

where

n' = D= Y& +EDLY), 1 =D = yi&) + EDY), 0 = Dy~ Y'E) + EDUDL())

and D, is the total derivative with respect to x.
The prolongation of Lie-Bécklund generator [10] equivalent to infinitesimal prolongation (3.4) is

X = {

é?ayr ¢! oy TayT ( - (3.5

where
(=n-Y& L=n.-yé ' =D—Y&), { =D —yi&), (" =Dl —yé).

From the definition of total derivative, we have

(' =D —YE =+ - &Y —EY° - &, (3.6)
£} = D = i) = i+ (7, = EDyr = £ = &y (3.7)
Since .
O _ 04 L (04 _ (04 _ 44 a—n n+1
n* = Di(m—y'& +ED(D(y) = Di(1m) Z:(; (n N 1)Dx WMDY (6),
we obtain

"= D -y &) =Dl - Y (n N 1)DZ‘”(y)DZ”(§) — DI (). (3.8)
n=0

Remark: The infinitesimal transformations (3.2) should conserve the structure of the
Riemann-Liouville fractional derivative operator, of which, the lower limit in the integral is fixed.
Therefore, the manifold x = 0 should be invariant with respect to transformations (3.2). The
invariance condition arrives at

f(x’ y)lx:O =0

The one-parameter Lie symmetry transformations (3.2) are admitted by FODE (3.1), if the
following invariance criterion holds,

X(Dy(x) = a(x)y(x = 1) = b(x)y'(x = 7) = d(x)y(x) = e(x)y'(x) = g1y = 0, (3.9)
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where the infinitesimal generator X is defined in (3.5). Eq (3.9) can be abbreviated as

(" —al; = bet —di - el =0, (3.10)

which is known as the determining equation.
Put

Dgf”l)y =dy.+ay,+by. +by! +dy+dy +ey +ey' +g

into (3.10) and let coefficients of y, y, and their derivatives in the determining Eq (3.10) to be zero, we
can obtain the over-determined system of differential equations as follows,

&=¢ (3.11)
£ =¢=0 (3.12)

a 8nny _ a n+1
(n) P (n N I)Dx @,neN (3.13)

from the coefficients of y”, y'2, y* and D*"(y). From (3.11), (3.12) and (3.13), we get

Ex,y) = E(x), n(x,y) = ¢Y1(X)y + ¢a(x), (3.14)

where &(x), Y1 (x) are periodic functions with period 7, i.e.,

Ex—1) =&, Yi(x—1) =¢1(x),

and ¥, (x) is an arbitrary function. Put (3.14) into the over-determined system, the simplified forms are

—aée—¢e +&e=0 (3.15)
—E b — €Y +Eh =0 (3.16)
—aéd - &d - A0 g (3.17)

dx

lﬁT
—aéa—E&d —b P =0 (3.18)

, .95 dy o

—aé g — &8 + gY —ay; — b— —dy, - ey e+ D) = 0. (3.19)

From (3.13), (3.14), (3.17) and &(x, y)|,—o = 0, we obtain
(@) &) =0, y1(x) =c

. . e
Uﬂfw—mm”wwhaxﬁmﬂnmq

i) © &(x) = ¢ sin 225y (x) = ¢ ZeT) g 2t 4 e N,
T T

T
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3.1. Case (i): £&(x) = 0,¢1(x) = ¢y

From &(x,y) = 0, n(x,y) = Y1(x)y + ¥2(x) = c1y + ¥o(x), we can get the following group generator
of the FODE (3.1):

0
X =(cy+ W2(X))8—y,

where, c¢; is an arbitrary constant, ,(x) satisfies Eq (3.19). For arbitrary functions
a(x), b(x),d(x),e(x) and g(x), it is also difficult to obtain ,(x) from Eq (3.19). But for some special
functions a(x), b(x), d(x), e(x) and g(x), we can get some concrete Lie symmetries.

For example, if ,(x) is an arbitrary function, we get

0
X = llfz(x)a—y

with functions a(x), b(x), d(x), e(x) and g(x) satisfying Eq (3.19).
If Y (x) = 0, we get

0
X =y—
1=y dy
with functions e(x), g(x) satisfying e(x) = g(x).
If Yo(x) = c4 # 0, we get
0
Xi=y—, X, =—
1=y By 2 By
with function g(x) satisfying
Ca Cy s x“¢
= — + —d(x) + - — .
8(x) Cla(X) o (x) + e(x) T -

In what follows, we present Lie symmetries for some special functions a(x), b(x), d(x), e(x) and
8(x).

.. . 2n(a—
3.2. Case (ii): £&(x) = ¢ sin 2%, Ui(x) = ¢ :(EZH’;) cos %‘,n eN

By (3.15) and (3.16), we obtain
2
b(x) = e(x) = ¢y(sin 22)!-2, (3.20)
T

Put (3.14) into (3.17) and (3.18), we can get

a(x) = d(x) = (sin 225 e 2O 00 P L ey (3.21)
T T(n+1) T

Therefore, the FODE (3.1) admits infinite dimensional Lie algebra, which is spanned by the
following group generators
2nx 0 2n(a — n) 2nx 0

X, =sin—— + cos ,
! T Ox yT(l’l+l) T Oy

0
Xeo = lﬁz(X)a—y

for any functions g(x) and y,(x) satisfying Eq (3.19), and the coeflicient functions a(x), b(x), d(x) and
e(x) defined in (3.20) and (3.21) with period 7 .
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Particularly, for (3.19), we assume i, = constant = ¢4, and obtain the following two forms of g(x),
1.e.,

2 _nlatl) 2. 2n+l-a
Gin ) (+1>[ Si(fl 22(sin 25 o], 4o =0 (3.22)
g(x) = | (sin Z%)~" c1r(1 ) [(sin Zx)%a dx ZCM [(sin 225)~35 dx
2 2. 2
— 260 (sin 2 — Ze ’Z(sm 2y o Ua=ci 20 (323)

Therefore, if Y, = ¢4 = 0, the FODE (3.1) admits one-dimension Lie algebra, which is spanned by

X, = sin 2rx 0 N 2n(a — n) cos 2nx 0
=sin — — —_
! T Ox Y T(n+1) T Oy

for given functions a(x), b(x), d(x), e(x) and g(x) defined in (3.20), (3.21) and (3.22).
In the same way, if ¥, = ¢4 # 0, the FODE (3.1) admits one extra dimensional Lie algebra spanned
by the infinitesimal operators
X o 2nx 0 N 2n(a — n) co 2rx 0 0
=sin —— S —, = —
! T 0x yT(I’l+1) T Oy 2 ay
for given functions a(x), b(x), d(x), e(x) and g(x) defined in (3.20), (3.21) and (3.23). Note, the c;(i =
1,---,6) are arbitrary constants.

3.3. Case (iii): &(x) = ¢, sin 2(LTU’”C,I/Q()C) = ¢ @) g tbrx 4 e N

T T

In this case, we can obtain

2(n+ Drx

b(x) = e(x) = ca(sin f)l—“ (3.24)
a(x) = d(x) = (sin Z(LTI)”)—“[—C2 2”(“; ") cos 2 “;1)” + 3] (3.25)

from Eqs (3.15)—(3.18). Therefore, the FODE (3.1) admits infinite dimensional Lie algebra, which is
spanned by the following infinitesimal operators
2(n+ Dnx 0 2n(a — n) 2(n + Dax 0

0
X; =sin ————— + —, X, = —
L= T O0x Y T o8 T Oy ¥2(x) ay

for any function g(x) and ¥, (x) satisfying Eq (3.19), and the coefficient functions a(x), b(x), d(x)and
e(x) defined in (3.20) and (3.21) with period 7 .

As same as Case (ii), we assume i, = constant = ¢4, and obtain the following two forms of g(x),
i.e.,

”(" D 2n+l-a
(sin 2t SR [ gleon i Qs ]y, 20 (3.26)
2(n+1)7rx n@+l) 2(n+1)ﬂx na-1
o) = | I 2P T [opgy f(sin SuyE d-
2c4l,'§ f(81n 2(”+1)7{X —%dx 204(‘2 (Sln 2(n+1)7rx)7
2n+l-a
;fﬁ'l ) (sin 2("“)’”C) SN Ya=ci 20 (3.27)

Therefore, if ¥, = ¢4 = 0, FODE (3.1) admits one-dimension Lie algebra, which is spanned by

2(n+ )nx 0 2n(a — n) 2(n+ x 0
— Tty cos

X, =sin
: T 0x T T 8y
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for given functions a(x), b(x), d(x), e(x) and g(x) defined in (3.24), (3.25) and (3.26).
If Y = ¢4 # 0, FODE (3.1) admits one extra dimensional Lie algebra spanned by the differential

operators
2(n+ Dnx 0 2n(a — n) 2(n+ Dax 0 0
—_—+ cos —, X

T 0x Y T T oy’ 2= 0_y
for given functions a(x), b(x),d(x), e(x) and g(x) defined in (3.24), ( 3.25) and (3.27), where c¢;(i =
1,---,6) are arbitrary constants.

Xl = sin

4. Invariant solutions

In this section, we use the admitted group generators to construct some analytical solutions for
fractional ordinary differential equation with neutral delay (FODE).

4.1. Case (i): &(x) = 0,¢1(x) = ¢4

According to the Lie group theory, we can not obtain a new solution, when ,(x) = 0 with

0
X =y—,
1 y@y
U (x) = ¢4 # 0 with
0
Xi=y—, Xo = —,
1 yay 2 ay

and ¥, (x) is an arbitrary function with

0
X = %(x)a—y-

4.2. Case (ii): &(x) = ¢y sin Z=, g (x) = ¢, 29 cos @,n eN

T T(n+1)
42.1. 4, =0

The characteristic equation associated with the group generator X is

d d
. i == Y ) 4.1)
sin 2y f((';:’;) cos 2
where

X = sin 2nx 0 N 2n(a — n) cos 2nx 0

= sin — — —.

! T Ox Y Tn+1) T dy

Solving (4.1), we have
2 a—n
y(x) = e(sin 225 e N, 4.2)
T

where c is a constant.

Graphical representations of the periodic solutions (4.2) are given in Figures 1-3. The behaviors of
the solutions depend on the delay (7), the coefficient (c), the fractional order (@) and the natural number
(n). For example, in Figure 1, wesett=1,c=0.8,a =0.5andn = 1.
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n=1
4
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X
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Figure 2. Graph of solutions (4.2) in a period with different fractional-order and 7 = 1,
c=08,n=1.
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n=2
)}
4
3_
y
2_
1_
0 T T T T T 1
0 0l 02 03 04 05 06
X
|— =025 a=05 —— 0=075|

Figure 3. Graph of solutions (4.2) in a period with different fractional-order and 7 = 1,
c=08,n=2.

422. Yyr=c4 #0

In this case, considering the linear combinations of the group generators X; and X,, i.e.,

X + X, =sin 2nx 9 + O}Zﬂ(a/ - cos 2mx +1)
= sin — — —,
! z T Ox Tn+1) T ay

we can get the characteristic equation associated with the admitted operator X; + X, as follows,

dx d
= — - 4.3)
Sin T y T(n+1) cos T +
Its solutions are 5 5
. LTTX amn . LTTX a1
y(x) = (sin ) [f(sm —) »idx+cl,n €N, 4.4)
T T
where c is a constant.
4.3. Case (iii): £(x) = ¢y sin 220y (x) = ¢ 22 cos 2D ¢ N
43.1. Y, =0
The characteristic equation associated with the group generator X is
dx d
- 2(n+1)mx = 2m(a—n) = 2(n+1nx’ (45)
sin =— Y= €08 T
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where
. 2(n+ Dnx 0 2n(a —n) 2n+ Drx 0
Xi=sin ———— + coS —

T ox 0T 1 T dy’
Solving (4.5), we can get invariant solutions

21 + 1)Tx o
(x) = c(sin M)m, nen, (4.6)

where c is a constant.
Graphical representations of the periodic solutions (4.6) are displayed in Figures 4—6. In Figure 4,
wesett=1,¢=08, a=05andn = 1.

432. Yr=cs #0

In this case, considering the linear combinations of the group generators X; and X>, i.e.,
2n+ Drx 0 2n(a — n) 2(n+ Drnx
— 4+ cos

X+ X, =sin
ox T T

0
H—
+ )ay,

we can get the characteristic equation associated with the admitted operator X; + X, as follows,

dx dy
sin 2(n4;.1)7rx = yZn'(i—n) coS 2(n4;.1)rrx + 1 (47)
Solving (4.7), we can obtain the following invariant solutions,
2 + 1 a-n 2 + 1 a+l
y(x) = (sin u)m[f(sin 2ot DA e b eLn e, (4.8)
T T
where c is a constant.
4A
3_
y 27
VRVRVRTRVRVATRVAIAY
0 T T T T 1
0 1 2 3 4 5

Figure 4. Graph of solutions (4.6) witht=1,¢=0.8,a =0.5and n = 1.
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n=1
5_
4_
3_
y
2_
1_
0 T T T 1
0 0.1 0.2 0.3 0.4
X
|— =025 — 0=05 — 0=075|

Figure 5. Graph of solutions (4.6) in a period with different fractional-order and 7 = 1,
c=08,n=1.

0 0.05 0.10 0.15 0.20

X

|— =025 — 0=05 — =075

Figure 6. Graph of solutions (4.6) in a period with different fractional-order and 7 = 1,
c=08,n=2.
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5. Conclusions

In this paper, it is proved that Lie symmetry technique is a powerful method to analysis the fractional
ordinary differential equation with neutral delay, i.e.,

Diy(x) = a(x)y(x = 7) + b(x)y'(x = ) + d(x)y(x) + e(x)y'(x) + g(x).

Firstly, we obtain the infinitesimal symmetries for the considered equation, and carry out a group
classification. Secondly, we use the obtained Lie symmetries to construct the invariant solutions.
Finally, we get some periodic solutions of the fractional ordinary differential equation with neutral
delay.
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