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EXACT SOLUTIONS OF TIME FRACTIONAL KOLMOGOROV
EQUATION BY USING LIE SYMMETRY ANALYSIS

A. OUHADAN AND E. H. EL KINANI

ABSTRACT. In this work the Lie point symmetries admitted by a-time frac-
tional Kolmogorov differential equation are constructed. It is shown that the
obtained Lie point symmetries is used to transform a-time fractional Kol-
mogorov equation into a second order ordinary differential equation which is
solved in terms of special function.This analysis will be used to construct some
exact solutions.

1. INTRODUCTION

The first serious attempt to give a logical definition of a fractional derivative
is due to Liouville [1, 2] . There are several approaches to define the fractional
calculus, e.g. Riemann- Liouville, Grunwald-Letnikow, Caputo, and Generalized
Functions approach[l, 2, 12]. Recently, differential equations of fractional order
arise very naturally in solving a wide variety of phenomena in fluid mechanics, bi-
ology, physics and other areas of science [2, 12]. There is no well defined method
to analyze them. It has been studied relatively little, therefore few methods are
used like Laplace transform method, Fourier transform method, variation alter-
ation method, Adomian decomposition method, finite difference method and so on
[1, 2, 10, 11].

Lie’s symmetry group method for differential equations provides a powerful and
fundamental framework to the exploitation procedures leading to the integration
and plays a significant role in studying differential equations [see e.g [3]]. Methods
of constructing point symmetries admitted by differential equations were intensively
developed by several researchers [3, 4, 5, 6, 7, 8]. Consequently, different applica-
tions were discussed as reduction of order or number of independent variables, also
construction of integrator factor, exact solutions, conserved lows and other appli-
cations .

Methods of group analysis adapted to study symmetry properties of differen-
tial equations with fractional order derivatives is not yet studied widely except in
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special papers[7, 8, 9]. For example, in [7] the authors develops a framework to
obtain the a-th extended infinitesimal generator which is used in invariance cri-
terion. This allow them to establish an algorithm to determine the infinitesimal
transformations admitted by the studied fractional differential equation. This Lie
symmetry analysis is effectively used to find exact solutions of fractional differen-
tial equation as it was done for non fractional different linear and nonlinear partial
differential equations(3, 4, 5].

The main objective of this paper is to compute point symmetries admitted by
a-time fractional Kolmogorov differential equation given by
0%u 0%u v

ou
o =X 5t T 7 >0,z >0. 1
ot~ 022 T 1+ Lygoa M)
where %:3 is the fractional derivative of order o with 0 < o < 1. The case a =1
is extensively studied and fundamental solution is given|[6].

2. PRELIMINARIES AND BASIC DEFINITIONS

In this section, we set up notation, basic definitions and main results of frac-
tional calculus. To begin with, recall that there are several approaches to define
the fractional calculus, e.g. Riemann- Liouville, Grunwald-Letnikow, Caputo, and
Generalized Functions approach.

Definition 1 The Riemann-Liouville fractional derivative operator D (o > 0) of
a function u(t, z), is defined as

0%u { %, a=néeN

ote 0" fo G Z)QH e —dv, n—1<a<n, néeN,

D%u(t,x) = 1
T(n—a) ot™

where IT" is the well-known gamma function, and some properties of the operator
D* are as follows

Piy+1) . _
DY = ————t7 aa > Oa > _1, t > 0.
Pvy+1—«) @ v
t*Oé
D*1=——— a>0,1t>0.
1—\(1 _ Oé)’ « - b
Definition 2 The Caputo fractional derivative D% of a function u(¢, x) is defined
as
0%u %:Z‘, a=neN
Diu(t,z) = = W (02)
ote F(n a) fO (t— U)a+1 nd’U, n—1<04<n7 TLEN7

(n)

where uy, ' (v, ) = and some properties of this derivation are as follows

I(y+1)
F'v+1-a)
DY1=0, a>0,

n—1
t
D~ (u(t,a:) - g Eugk) (O+,a:)> = D¢u(t,z), n—1<a<n, t>0.
k=0 "

Some other properties of fractional derivative can be found in [1, 2]. In this paper,
we adopt the Riemann-Liouville fractional derivative and we can do the same in

A" u(v,x)
ou™

Dt = T a>0, vy>—-1,t>0.
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terms of Caputo contribution. Since in this paper 0 < a < 1 the Riemann-Liouville
fractional derivative definition becomes
o0“u 1 o [t ulv,x
_ [ s,
0

ot~ T(1—a)dt J, (t—v)

3. LIE SYMMETRY ANALYSIS METHOD

Now consider the one parameter group of point transformations of the form

t = t+4er(t,xz,u)+o(e),
T = .’L'+E§(t,!1)7u)+0<5)7
u = u+ep(t,z,u)+ oe), (2)

with coresponding infinitesimal generator which is

0
ot Ox )%
Definition 3 A solution v = 6(¢,x) is said to be invariant solution of fractional
partial differential equation (1) if and only if

X = vt u) o 4 €t ) O+ p(t,a,u

a) u = 6(t,z) is an invariant surface, i.e. X0 =0 = (T% + 5% + cpa%)ﬂ =0,
b) u = 0(t, z) satisfies equation (1).

As equation (1) is a time fractional partial differential equation having the form
0%u
ote

where subscripts denote partial derivatives, we will need to extend the infinitesimal
generator X to X of the form

= F(t,x,u, g, Ugg, -..),

0 e D a0
8uxs0 waua’

such that u®* = %:3 and p”, " o are extended infinitesimals of order 1,2 and «
respectively. ¢* and ¢** have the form[3, 4, 5]

X=X+

Ougy

©" = ut (pu — &)Uy — Toup — EuuE — TyULUy, (3)
O = Pur + (2000 — Eoa)Us — TaaUt + (Puu — 280u)UE — 2Tou gy
Guntly — Tuutiats + (Pu — 260 Uae — 2TaUat — 3Eulalas
- TuUpzpUi — 2Ty UpUgs . (4)

Nevertheless, the ath extended infinitesimal ¢® related to Riemann-Liouville frac-
tional time derivative is established and has the following form[7]

0 = Di(p) + €D} (us) — D} (€us) + Df (De(7)u) = DFFH(1u) + 7D (u),

where Df¥ denotes the total time fractional derivative.

Let us recall some useful properties concerned the total fractional derivative
operator Dy. We start with the generalized Leibnitz’s formula [1, 2, 12] given by

+oo

Dr(a) =3 (1) sDtat, v >0

n=0
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where

(1) - Sy,

and the chain rule for composite function [1, 2, 12] which is

n k . .
) = ZZ ( f ) %[—y(t)]r X ;in[(y(t))k—r]ddgy(ky).

k=07r=0

Since u = u(t,z) and ¢ = @(t,z,u) an important formula gives D [p(t, z,u)] in
terms of partial derivatives found in[1, 7] which is given by:

+oo n m 4 _
1 tTL «@
pitettra) = 255 () (1) () Ao
n=0m=0 k=0 r=0 kKI(n+1-a)
r am k—r anierk(P(t? €, ’LL)
% [rult, )] ([ ) B
From the above formula and applying Leibnitz formula for o g;f «) the expression
of D¥o(t, x,u) will have the following form

0%p 6 U Gagou X /a 0" Py o
DOC — - - Da n

n=

with

- o an*mwp
m[ ol g ) G

Consequently, the a-th extended infinitesimal ¢® can be rewritten as

« _ 0% B 0% 0%y
14 - 8ta +(SDU a‘Dt(T)) ata u ata +/”L
=XI/a o™y o
U n+1 a—n
= 2G5 - L))
+oo
« n a—n
- X (8)pron ). ©)
n=1

Here in our case, the term p vanishes. This is a consequence of pi,, = 0 which
is obtained in analyzing of invariance condition studied in next section.
Definition 4 By definition, transformations (2) form a symmetry group of equa-
tion (1) if they transform solution of equation (1) to an other solution of the same
equation. Therefore, equation (1) is invariant under transformations (2) if and only
if the invariance condition is satisfies,i.e

0 — (e + [/ (2)ug)€ — f(2)" — 2™ =0, whenever A =0. (7)
with A = u® — zu, — f(z)ug, and f is the drift function given by
v
flae) = 27—

1—1—%73@
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Equation (7) defines all infinitesimal symmetries of equation (1)
Theorem 1 The basis of the symmetry Lie algebras admitted by equation (1) is
spanned by vector fields

0 0
Xoo= g Xo=ugy
2
Xs = ard 12 @ 0 X =t 2)2

Oz §+2+7xu%’ ou’

where h(t,z) is an arbitrary solution of equation (1).

Proof. To obtain general form of infinitesimals £, 7 and ¢, we need to substitute
expressions (3),(4) and (6) into invariance condition (7). The equation depends on
variables g, Ugq, Ut, Ugt, ... and D "u, DF "u, for n = 1,2,.... These variables
are considered to be independent variables|7].

Splitting the defining equation (7) with respect to independents variables men-
tioned above leads to the system of infinitely equations

ftzfu:Tz:Tu:(puu:Oa (8)

Ty —axty — & — x(py — 28,) =0, 9)

_o‘f(x)Tt - f/(fﬂ)f + f(x)gsc - m(2¢xu - €;cac) =0, (10)

o 0%y,

S — Ut = f(@)ps = 2pus =0, (1)
a\ 0", @ il B

<n> T <n+ 1) DMl n=0,1,2,.. (12)

Examining equations (8) and (9) in the above system, we readily obtain
&(z) = aax + my/z, and 7(t) = at + b,

with a,b and m are arbitrary constants. In virtue of ¢, = 0, ¢ must be linear in
u. Thus
v =g(t,z)u+ h(t,z),

for some functions g(¢,x) and h(¢,x). On the other hand, equation (12) requires
that

0Py

ot
We substitute these in equation (11) to derive that the function & is an arbitrary
solution of the original fractional differential equation (1). Substituting £ and 7 by
their expressions into equation (10) leads to the equation

10) = (@) = glaa+ Lomf ) - (13)

=0, then g =g(x).

Differentiation of the equation (11) over u leads to
zg"(z) + f(x)g'(x) = 0. (14)

Differentiation of equation (13) with respect the independent variable 2 and sub-
stituting this into equation (14), leads
ac d

1 d
el “Lp—2 —8r—8f] =
5 xdx2f+ 167 mz~2[3 +8Lf 8xdm2f] 0, (15)
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with £f = af' — f+ f; . Finally, equation (15) determines m and a. Obviously,
the drift function in this case satisfies

2
szxf'—f—i—?zo.
Thus the constant a appeared in equation (15) is arbitrary and m vanishes. This

implies that infinitesimals &, 7 and ¢ becomes

2ac

¢ = aax, T =at+0b, ® (2‘|"Y$

+ c)u+ h(t, ),

where a,b, ¢ are arbitrary constants and h(t,x) is an arbitrary solution of equa-
tion (1). Finally, the symmetry algebra admitted by equation (1) is spanned by
infinitesimal generators

0
Xl - 5,

0
X2 = u%,
Xy = ol gl 20
5T Yar o 2+’y:vu8u’
Xn = h(t,l‘) 0

%.
Theorem 2 The similarity variable and similarity transformation corresponding
to the infinitesimal generator X3 reduce Kolmogorov time fractional equation to
second order ordinary differential equation

I'(1-—
20"(2) + (2 —v2)Y'(2) = 0, with v = F((l—QC;))’
which gives arise of an exact solution of (1) given by
1T CoT exp(vat™®) . _
t,x) = — — EBi(1, —vat™® 16
wu(t, ) 2—|—’yx+2—|—”yx vrt—e i1, —vat™) |, (16)

with Fi is the exponential integral special function.
Proof. Similarity variables corresponding to infinitesimal generator X3 can be
obtained by solving the characteristic equation

de _dt (24 yx)du

ax t 20
The invariants of this operator are of the form

2+ yx
x

z=xt™%, and I=

.
Exact solution which can be constructed in this case will be of the form

u(t,x) = 1/)(2);

2+ yzx

where the function v satisfies the reduced second order ordinary differential equa-
tion of time fractional Kolmogorov differential equation given by

20" (2) + (2 —v2)Y' (2) = 0, with v =
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From the out put of Maple, the solution of the above second order differential
equation is given in terms of exponential integral special function Ei by

exp(vz)

P(z) =c1 + ea(— — Fi(1,—vz)),

where ¢; and co are arbitrary constants. Then, it immediately leads to an exact

solution of equation (1) which has the expression
az | _coF exp(vat™®)

24 v 24z vt~

ui(t,z) = — Ei(1, —vat™)| . (17)

Remark 1 To obtain the group transformation generated by infinitesimal generator
X3, we solve the system of first order ordinary differential equations,

dt ~
% = g(taxvu)v
dx ~
dii = go(t,f,ﬂ),
du ~
= = eEw),

subject to the initial conditions
t0)y=t, T(0)==2,  u0)=u.

The one-parameter groups G generated by X3 is given as follows. The entries gives
the transformed point exp(e X3)(t, x,u) = (¢, %, 0):

[e3 2
G (we® tef,ez® ﬂu)
2 4 yxeoe

As G is a symmetry group, so if u(t,z) is a solution of equation (1), then is the
transformed functions e.u(t, x) which is given by

oo |24 qze—os
cu(t,r) = e2° %u(e*t,ef‘lsx),
v

where ¢ is sufficiently small real number. Now we consider the applications of the
above transformation. If we start from exact solution obtained in (16), we get a
new exact solution of (1)as:

o 2 —Qe
ug(t, ) = e2%4| %ul(e%t, e ). (18)

Further more, we continue this iteration process, we can derive other exact solutions
of equation (1).

4. CONCLUSION

In this paper, the fractional prolongation formulae of infinitesimal generator
was successfully used to compute Lie point symmetries of a-time fractional Kol-
mogorov equation. It is shown that a set of defining equations for infinitesimals
transformations is completely solved. Consequently, the equation (1) is invariant
under translation in ¢ generated by Xj, scaling in u generated by X5, a-scaling
generated by X3 and one parameter group generated by X reflecting linearity of
equation (1). Therefore, using Lie point symmetry analysis we see that fractional
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Kolmogorov equation can be transformed into a second order ordinary differential
equation which is solvable in terms of special function and then some exact solu-
tions was found.

An important extension of this analysis is to study this equation with a large family
of drift functions. This perspective will be tackled in coming paper.

ACKNOWLEDGEMENTS
The authors are grateful to the referee for his remarks and suggestions.

REFERENCES

[1] K.B. Oldham, J. Spanier, The fractional calculus.-Academic Press, 1974.-234p.

[2] K.S. Miller, B. Ross, An introduction to the fractional calculus and fractional differential
equations.-John Wiley and Sons, Inc; 1921.

[3] P.J. Olver, Application of Lie groups to Differential Equation. New York: Springer; 1986.

[4] G. Bluman, S. Kumei, Symmetries and Differential Equations. Applied Mathematical Sciences
Series. 81 (Second ed.). New York: Springer-Verlag; 1989.

[5] G.W. Bluman and J.D. Cole, The general similarity solutions of the heat equation, Journal of
Mathematics and Mechanics, vol. 18(1969), pp. 1025-1042.

[6] M. Craddock, E. Platen, Symmetry group methods for fundamental solutions, J. Differential
Equations 207 (2004),pp. 285-302.

[7] R.K. Gazizov, A.A. Kasatkin, S.Yu. Lukashchuk, Continuous transformation groups of frac-
tional differential equations, Vestnik, USATU 9 (2007),pp. 125-135.

[8] R.K. Gazizov, A.A. Kasatkin, S.Yu. Lukashchuk, Symmetry properties of fractional diffusion
equations, Phys. Scr. T136 (2009), 014-016.

[9] E. Buckwar, Y. Luchko, Invariance of a partial differential equation of fractional order under
the Lie group of scaling transformations, J. Math. Anal.Appl. 227 (1998). pp. 81-97.

[10] M.M. Meerschaert, H.P. Schefller, C. Tadjeran, Finite difference methods for two-dimensional
fractional dispersion equation, J. Comput. Phys. 211(2006),pp. 249-261.

[11] S. Momani, Z. Odibat, Analytical solution of a time fractional NavierStokes equation by
Adomian decomposition method, Appl. Math. Comput. 177(2006),pp. 488-494.

[12] R. Hilfer, Applications of Fractional Calculus in Physics, Singapore: World Scientific; 2000.

[13] I. Podlubny, Fractional differential equations: an introduction to fractional derivatives, frac-
tional differential equations, to methods of their solution and some of their applications. New
York: Academic Press; 1999.

A. OUHADAN
CENTRE REGIONAL DES METIERS D’EDUCATION ET DE FORMATION, MEKNES, MOROCCO.
E-mail address: aouhadan@gmail.com

E. H. EL KINANI
A.A GROUP, MATHEMATICAL DEPARTMENT MOULAY ISMAIL UNIVERSITY, FACULTY OF SCIENCES AND
TECHNICS ERRACHIDIA, MOROCCO.

E-mail address: elkinani-67@yahoo.com



