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Abstract

Fractional calculus is a branch of mathematics that deals with real number
or complex number powers of the differential operator and integral operator. Although
the idea of fractional calculus was born more than 300 years ago, serious efforts have
been dedicated to its study recently. Fractional differential equations (FDEs) are gen-
eralization of the differential equations of integer order, studied through the theory of
fractional calculus. Lie symmetry method is a powerful technique for solving integer
order differential equations. In this thesis, its various extensions are proposed for the
symmetry analysis of nonlinear systems of FDEs. The aim of this thesis is to extend
the symmetry approach in order to apply them to a wider class of FDEs including time
fractional nonlinear systems, space-time fractional nonlinear systems, higher dimensional
nonlinear systems, and variable coefficient nonlinear systems.

The thesis consists of six chapters comprising various novel extensions and appli-
cations of the symmetry method. Chapter 1 provides the history of fractional calculus,
basic definitions, and properties of the Riemann-Liouville fractional operators used in
this study. The main features, background and methodology of the Lie classical method

by Sophus Lie are also discussed in the introductory chapter.

Chapter 2 deals with the extension of Lie symmetry method for studying



time fractional systems of partial differential equations (PDEs). The prolongation for-
mulae given in a recent paper [86] for symmetry analysis of time fractional systems are
proved incomplete and the correct formulae are suggested in this chapter. The prolon-
gation operators are derived for time fractional systems having two independent and an
arbitrary number of dependent variables. Also, the technique to investigate nonlinear
self-adjointness and conservation laws is extended for time fractional systems of PDEs.
The proposed methods are applied for the symmetry analysis and derivation of conserved
vectors of five time fractional nonlinear systems of PDEs including Ito system, Burg-
ers system, coupled KdV system, Hirota-Satsuma coupled KdV system, coupled Hirota
equations. As a result, these systems are reduced into fractional nonlinear systems of

ordinary differential equations (ODEs).

Chapter 3 is devoted to extending the Lie group method and Noether operators
for computing Lie symmetries and conserved vectors of space-time fractional PDEs. The
complete Lie group classification is performed and concept of nonlinear self-adjointness
is extended for space-time fractional PDEs. Two space-time fractional nonlinear PDEs
namely Gilson-Pickering equation and generalized KdV equation are studied for their Lie
symmetries resulting in their reductions into fractional nonlinear ODEs in the Erdélyi-
Kober operators. In addition, the conservation laws for both the fractional partial differ-

ential equations (FPDEs) are obtained successfully.

Chapter 4 is concerned with the investigation of space-time fractional nonlinear
systems of PDEs for their Lie symmetry analysis. For this purpose, the symmetry method
is proposed for space-time fractional systems of PDEs by derivation of the required pro-
longations. Using the extended prolongation operators, the group infinitesimals for five

space-time fractional nonlinear systems are successfully calculated. The resulting group



invariant solutions are used to obtain their symmetry reductions into nonlinear systems
of fractional ordinary differential equations (FODESs). The discussed fractional nonlinear
systems of PDEs are as follows: space-time fractional Ito system, space-time fractional
coupled Burgers equations, space-time fractional coupled KdV system, space-time frac-
tional Hirota-Satsuma coupled KdV system, space-time fractional coupled Hirota equa-

tions.

In chapter 5, a generalized symmetry approach is proposed for systems of
FDEs having an arbitrary number of independent as well as dependent variables. The
derivation of the prolongation operators is discussed for generalized fractional order sys-
tems. The symmetry analysis of higher dimensional systems can be discussed using the
suggested approach. The efficiency of the presented symmetry method is proved by
its application to five higher dimensional nonlinear systems namely (241)-dimensional
asymmetric Nizhnik-Novikov-Veselov (ANNV) system, (3+1)-dimensional Burgers sys-
tem, (341)-dimensional Navier-Stokes system, (3+1)-dimensional fractional incompress-
ible non-hydrostatic Boussinesq system, fractional (341)-dimensional incompressible non-
hydrostatic Boussinesq system with viscosity. Their symmetries and symmetry reductions
into lower dimensional nonlinear fractional order systems are deduced in terms of ex-

tended Erdélyi-Kober fractional operators systematically.

In chapter 6, certain variable coefficient fractional nonlinear PDEs are inves-
tigated using the Lie group analysis. The complete group classification of fractional
nonlinear variable coefficient PDEs is demonstrated for some single time fractional PDEs
as well as systems of time fractional PDEs with variable coefficients. The studied variable
coefficient fractional nonlinear PDEs include KdV-Burger-Kuramoto equation and gen-

eralized seventh order KdV equation. The considered time fractional nonlinear systems



of PDEs with variable coefficients are coupled Boussinesq system, coupled KdV system
and Hirota-Satsuma coupled KdV system. After computing their group infinitesimals,
the optimal sets of inequivalent one dimensional subalgebras are calculated. Finally, for
each component of the optimal set, the similarity reductions of the considered variable

coefficient fractional PDEs are obtained successfully.
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Chapter 1

Introduction

Fractional calculus is the theory of integrals and derivatives of any arbitrary
order (real or complex). It is one of the developing areas of mathematical physics which is
evident from the large number of publications in the last three decades |70}, 106, 17T [181].
Over the years, there has been considerable interest in fractional calculus by recognis-
ing its applications in numerical analysis and different areas of physics and engineer-
ing [40, 48, [123] 155]. In recent times, it is the center for new developments and latest
research in many fields of nonlinear science.

A fractional differential equation (FDE) is a differential equation which contains
fractional derivatives. In the past few decades, the wide applications of FDEs in various
fields of science and engineering, specifically statistical mechanics, control theory, heat
transfer, problems in mechanical and dynamical systems, chaos synchronization, wave
propagation, image processing, fluid flow, electrochemistry, electromagnetics, viscoelas-
ticity, fractal phenomena, material science, and optics [106], 133] 144 155, 157, [181] have
been recognized. Some of the available methods for solving FDEs are Laplace trans-
form method [151) [I83], Mellin transform method [34], power series method [98, [109],
Babenko’s symbolic calculus method [I57], finite element method [126], variation iter-

ation method [160], Adomian decomposition method [192], homotopy analysis method
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[T4], homotopy perturbation method [135], invariant subspace method [149, [170].

This chapter is designed as an introduction to fractional calculus, Lie classical
method and conservation laws. The brief outline of the proposed extensions of Lie sym-
metry approach is also mentioned in this chapter. The details for the developed method

and its diverse applications may be found in their corresponding chapters.

1.1 History of Fractional Calculus

The origin of fractional calculus is a letter written long back in the 17th century
by L’Hoépital [133]. Leibniz invented the notation jﬂ%’ for nth derivative of a function
y = f(x). On September 30th, 1695, a question was raised by L’Hépital in his letter

to Leibniz about derivative of order n = In his reply, Leibniz responded that d/?z

N | =

will be equal to zv/dx : 2. He replied that this is an apparent paradox, from which one
day useful consequences will be drawn [106, [133]. Since then, many scientists as well as
mathematicians paid attention to fractional calculus and contributed in its development.
These authors [106, [133] include L. Euler (1738) [55], J. L. Lagrange (1772) [116], P.
S. Laplace (1812) [117], S. F. Lacroix (1819) [115], J. B. J. Fourier (1822) [59], N. H.
Abel (1823-1826) [2], J. Liouville (1832-1873) [124], G. F. B. Riemann (1847) [161], H.
R. Greer (1859) [72], H. Holmgren (1865-1867) [85], A.V. Letnikov (1868-1872) [121], H.
Laurent (1884) [I18], P. A. Nekrassov (1888) [140], J. Hadamard (1892) [75], O. Heaviside
(1892-1912) [80].

Lagrange contributed to fractional calculus by developing the law of exponents
in 1772 for integer order derivative operators [116, [I33]. The first step was taken by
Euler in 1738 who observed the derivative 922 of 7 has a meaning for non-integer

dxP

p [55]. The French mathematician Lacroix was the first author who published a text
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mentioning fractional derivative [115] 133] in 1819. He presented fractional derivatives
as a generalization of integer order derivatives. For y = 2™, (m is a positive integer),

Lacroix found the nth derivative as follows:

d d?
ﬁ = ma™ !, d—xz =m(m — 1)a™ 2,
(1.1)
d” !
dxz =m(m—1).(m—n+1)z™" = (mﬂjm!xm”, m > n.

In terms of Legendre’s symbol, he developed the following:

d™y ['(m+1) B
= men, 1.2
dz T'(m—n+ 1)m (12)

Using example y(z) = x,n = %, the following result was obtained:

d/2y 2

Euler and Fourier also mentioned the fractional derivatives in their work but without
giving any examples. In 1823, Niels Henrik Abel [2] was the first author to apply the
fractional operators and fractional calculus in solving an integral problem that arises in
the formulation of the tautochrone problem. The first mathematician to attempt solving
differential equations having fractional operators was Liouville [I33]. He published three
long memoirs in 1832 [124]. In 1847, Riemann wrote a paper dealing with a definition of
fractional operator but was published posthumously [I61]. Holmgren [85] wrote a text
dealing with the applications of fractional calculus to the solutions of some ODEs.
During the 20th century, some of the contributing authors [17] are G. H. Weyl
(1917) [193], H. Hardy (1917-1928) [76], J. E. Littlewood (1917-1928) [77], P. Lévy
(1937) [122], A. Zygmund (1935-1945) [201], A. Marchaud (1927) [132], H. T. Davis
(1924-1936) [45], E. R. Love (1938-1996) [127], M. Riesz (1936-1949) [162], A. Erdélyi

(1939-1965) [53], H. Kober (1940) [108] and D. V. Widder (1941) [194]. Oldham and
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Spanier [144] published the 1st text completely devoted to fractional calculus in 1974.
Podlubny [I57] published a book dealing with FDEs in 1999. For more facts about the
development of the fractional calculus during these two centuries, the reader is referred to
Refs. [107, 133, [144]. Nowadays, a wide range of books and research articles are devoted

to fractional calculus and its applications [4], 12, 48, [8TH83), 106, 168, 18T, 182].

1.2 Riemann-Liouville Fractional Operators

The correspondence between Leibniz and L’Hopital motivated many mathematicians
and physicists to give a definition to the fractional derivatives. Over the years, many
mathematicians have given various definitions to find derivatives and integrals of non-
integer order. The interesting fact is that fractional integrals and derivatives are not a
local property. Fractional integrals are often considered in the Riemann-Liouville sense
but fractional derivatives have been introduced in several different ways, such as frac-
tional derivatives of Liouville, Riemann, Riemann-Liouville, Grunwald-Letnikov, Caputo,
Miller-Ross [106], [133] [157]. The most famous of these definitions is that belongs to Rie-
mann and Liouville. In this thesis, the fractional derivatives and integrals are considered
in Riemann-Liouville sense. The basic definitions of fractional integrals and derivatives

are presented [106], 133, 157, I71] in this section.

1.2.1 Useful Mathematical Functions

One of the most important functions of fractional calculus is the Euler’s Gamma
function denoted by I'(z). It generalizes the factorial n! from n € IN to n being any

non-integer and even complex numbers. The gamma function is defined by [157]

r(z) = /D T ety (1.4)
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which converges for i(z) > 0 where 9(z) denotes the real part of z. In this thesis, only
2z € R are considered. It has the following two important properties:
[(z+1)=2I(2), z€R",
(1.5)
I'z)=(z—-1), zeN.
Note 1. The gamma function I'(z) is an analytic function for all complex numbers except

zero and negative integers.

Another useful mathematical function in fractional calculus is the Beta function. For

R(p) > 0, R(q) > 0, it is defined by [157]

B(p,q) =

1 — )7 de,
. (1.6)

01 "
L(p)(g)

P00 =T 1)

1.2.2 Riemann-Liouville Fractional Integrals

First, the Riemann-Liouville fractional integration is considered for a finite interval on
real line. The fractional integrals can be seen as generalization of the ordinary integrals.
The integral of order n € N of a function f(z) continuous on real line can be written as

follows [106], 157]:
Pw@:f/ﬂfﬁ@mmmm. (1.7)
o Jo 0
This n-fold integral can be written as a single integral by using Cauchy’s formula as
follows:

I"f(x) = ! I /Oz(x —5)" 1 f(s)ds, =z >0,n€N. (1.8)

(n—1
This formula of integrals is naturally extended from positive integers to positive real

numbers by using Gamma function.
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Figure 1.1: Graphical representation of the ath order fractional integrals of function
f(z) =22 As a — 1, the curves representing ath order fractional integrals for 0 < o < 1
approach to curve of 1st order integral.

Therefore, the Riemann-Liouville fractional integrals for o > 0 are defined as follows

106, 157:
1

1) = fay /Ox(x _ ) f(s)ds, x> 0,0 € R, (1.9)

The operator I has the following features:

L(y+1)
I = =—=——— 22" a>0, v>-1, >0,
e (@) Fiy+a+1) 7
C
ITC = m:ﬂa, C being a constant, (1.10)

L f(z) = f(x).
For f(x) = 2, the graphical representation of ath order fractional integrals I(z?) for

0 < a <1 is presented in Figure [1.1]
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1.2.2.1 Left and right-sided fractional integrals

The Riemann-Liouville fractional integrals can be defined in general for a € C as
follows.

Definition 1.1. Let f(x) be defined on a finite interval [a,b] (—o00 < a < b < 00) on
the real axis R. The left-sided, right-sided Riemann-Liouville fractional integrals of order

a € C denoted by I8 f and I f respectively, are defined as follows [106]:

(I f)(x) = r(la) / o f(gl _dt, (x> a;%R(a) > 0), (1.11)
I f)(x) = F(la) /: = 5:))1 ~dt, (z <b;R(a) > 0). (1.12)

1.2.2.2 Partial and mixed Riemann-Liouville fractional integrals

In this section, the definitions of multidimensional partial and mixed fractional inte-
grals [106], 157, [I71] are presented which are natural generalizations of the corresponding
one-dimensional fractional integrals. These definitions involve the integrals with respect
to one or several variables in the n-dimensional Euclidean space R™(n € IN).

For & = (x1,...,2,) € R" (n €e N\ {1}) and @ = (evq,..., ;) € C" (n € N\ {1}), the

following notations are used:

" 0 0 0 0
A s T =T D (ag); — = — = :
r xl xn izl_{xl ) (a) (al) (Oé ) ax 0561 axn Zzl_[laxz
[a,b] = [a1,b1] X ... X [an,by); a=(a1,...,a,) €ER"; b= (by,...,b,) € R";
x> a means r; >a; Vi=1,...n
(1.13)

Definition 1.2 (Left-sided partial Riemann-Liouville fractional integral). The left-sided
partial Riemann-Liouville fractional integral of order oy, € C (R(ay) > 0) of functions
f(x) = f(z1,...,2,) defined for x; > a; with respect to the kth variable zj is defined
by [106]

1 e f(2T1, 00 1, by Thg1y - - - T)
I¢ = dt > . 1.14
<a )(w) F(ak) a (xk _ tk)l_ak ks (xk ak) ( )
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Definition 1.3 (Right-sided partial Riemann-Liouville fractional integral). The right-
sided partial Riemann-Liouville fractional integral of order o € C (R(c) > 0) of func-
tions f(x) = f(z1,...,x,) defined for z; < by with respect to the kth variable z is

defined by [106]

o 1 br f(wla"'axk—latk7xk 17"'7xn)
(D) / :

dt bi). 1.1
G [(ag) Ja (tp — )L b (B <be) (1.15)

Definition 1.4 (Mixed left and right-sided Riemann-Liouville fractional integrals). The
mixed left and right-sided Riemann-Liouville fractional integrals of order & € C" (R(ex) >

0) are defined as follows [106]:

Q@ﬁ@%ﬁdﬁm%%ﬁ@yimwf?~£%ﬂ”a&,@>a%(u®
and

D@ = I 0@ = o [ [t @<, an

1.2.3 Riemann-Liouville Fractional Derivatives

The Riemann-Liouville fractional derivative can be defined by using the definition of

fractional integral. The fractional derivative of a function f(z) is given by [106] 157]

D f(x) 4" (D" f(@)), (n—1<a<n). (1.18)

T g \VF
The integral I is also denoted as D;“. The operator D represents a derivative if « is
a positive real number, and an integral if « is a negative real number. Therefore, the

Riemann-Liouville fractional derivatives of a function f(x) of real order @ > 0 are defined

as follows [106, [157]:

1 d" K —a—1
v J(@ =) f(s)ds, r>0,n—-1<a<neN,
Def(a) =40 (1.19)

" f a=n¢cN.

dxm )’

For a« = n € N, we have the following result:

DIt =1, I'D"+#1, (1.20)
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where [ is the identity operator. Therefore, D7 is the left inverse but not the right inverse

of the integral operator I}. In fact, in general the following holds:
DI =1, a>0. (1.21)

The fractional derivative of f(z) = 27 is as follows:

I'(y+1)

Doy = 1T
T T —a+t1)

2% a>0, y>-—-1, t>0. (1.22)

Substituting v = 0, the following result can be obtained:

—Q

L) R —
e 'l —a)

a>0,t>0. (1.23)

Note that D2(1) # 0, in fact D3 (C) = r(gf:Z) # 0 for a constant function f(z) = C for

a # IN. Of course, D(C) =0 for a € IN, due to the poles of the gamma function at the
points 0, —1, =2, ---.
The ath order fractional derivatives D2(f(z)) for f(x) = 22, 0 < a < 1 are presented

graphically in Figure [1.2}

1.2.3.1 Left and right-sided fractional derivatives

Similar to the left and right-sided fractional integrals (L.11]), (1.12)), the definitions of
left and right-sided fractional derivatives for a € C can be easily obtained.

Definition 1.5. The left-sided and right-sided Riemann-Liouville fractional derivatives

of order av € C are defined as follows [106]:

R CA RN

" (1.24)
e S 4 Ve
__Hn—®<¢J L @ ot (@>ain=[R@)]+1).
Dy f)(x) = (—}S%> LI f)(@) .

= F(nl—a) (_ddx>"/: (f(tdt7 (x < b;n = [R(a)] + 1),

where [R(«)] is the integral part of R

—~

Q).
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Figure 1.2: Graphical representation of the fractional derivatives of function f(z) = 2.
As a — 1, the curves representing ath order fractional derivatives for 0 < o < 1 approach
to curve of 1st order derivative.

1.2.3.2 Partial and mixed Riemann-Liouville fractional derivatives

Definition 1.6 (Left-sided partial Riemann-Liouville fractional derivative). The left-
sided partial Riemann-Liouville fractional derivative of order o € C (R(ay) > 0) with
respect to the kth variable zy, is defined by [1006]

WPEN@ = () ()

n (1.26)
1 ( a ) Tk f(xlu"' 7xk—17tk7xk+17"' 75671)

dt >
[(Ly, — o) \ Oy k (g — tg)on—Latl ko (Th > ap),

where Ly, = [R(ay)] + 1.

Definition 1.7. (Right-sided partial Riemann-Liouville fractional derivative)[106, 133]
The right-sided partial Riemann-Liouville fractional derivative of order ay, € C (R(ay) >

0) with respect to zy is defined by [106]

(, D3 f)(a) = (—ai) (, B f)(a)

- 1 a Lk bk: f(xl,... ’xkflatk7xk+l7"' 7(17n>
- &ck

I'(Ly — ay) T (ty — xp)n—Irtl

(1.27)

dtk, (l’k < bk)
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Definition 1.8 (Mixed left and right-sided Riemann-Liouville fractional derivatives).

The mixed left- and right-sided Riemann-Liouville fractional derivatives of order ay, € C
(R(ax) > 0), corresponding to mixed fractional integrals (1.16)) and (1.17)) are defined as

follows [106]:
Dz (@) = (, D3, -, D))

_ b (o (oS
- I(L— ) (8%) <8mn> /a1 ~/an mdt’ (x> a),

and

(1.28)

(Dgf) (@) = (, Dg -+, D f) ()

S (—ail)h'“(— )L"/:.../:(t_g;gmdt, (@ <b)

where L = (Ly,---, L,) and Ly = [R(ag)]+ 1, (k=1,--- ,n)

(1.29)

0
oz,

Note 2. Only left-sided derivatives , D¢ are considered in this thesis, with left limit a = 0

and a € R*. The operators D¢ are denoted by D throughout the thesis.

For more applications, basic results, basic theorems, physical and geometric
interpretation of fractional derivatives, the interested reader is referred to Refs. [44] 8T,

106, 107, 158].

1.2.4 Properties of Riemann-Liouville Fractional Operators

The Riemann-Liouville fractional derivative and integral operators have some prop-
erties [106] [133] 157, T71] which are as follows. Since only left-sided fractional operators
are considered in this study so properties are discussed only for left-sided operators. In

all these properties, f(x), g(x) are assumed to be continuous for z > a.
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1.2.4.1 Linearity

The Riemann-Liouville fractional operator is a linear operator i.e. the following holds

[106, 157]:

LA (2) + ng(@)) = A D3 f(x) + 1 (,Dig(x)), (a€R), (1.30)
where A, i1 are constants. If o > 0, it implies the linearity of Riemann-Liouville fractional

derivative operator and for o < 0, it shows the linearity of integral operator.

1.2.4.2 The law of exponents for fractional operators

For Riemann-Liouville fractional integrals, the following commutative rule holds:

LDRDLf ()] = DY () = DYDY f ()], (pyg < 0). (1.31)

This property also holds for p > 0, ¢ < 0 where p+¢ < 0. But in general for p, ¢ > 0,p # q,
i.e. for fractional derivatives, it does not hold. The commutative property ((1.31)) holds

form—1<p<m,n—1<qg<n (m,n € N) if the following condition holds:
fO@)y =0, (k=0,1,---,r—1), (1.32)

where r=max(m, n).

1.2.4.3 Leibniz rule

The Leibniz rule for integer order differentiation is generalized for fractional deriva-
tives. If the function f(z) and all its derivatives are continuous in [a, x|, the function g(x)
and its n + 1 derivatives are continuous in [a, x|, then the Riemann-Liouville fractional

derivative of the product f(z)g(x) for a > 0 is given by [157]

D26 f0) = 3 (s @0 o), (133

where ¢g®)(z) is the kth order integer derivative.
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1.2.4.4 Fractional derivative of a composite function

The Riemann-Liouville fractional derivative for o > 0 of a composite function is given

by [106, 157]

QDgF(g@)):m i::( )—aHXk:F Zﬁ1<h(r>(x)>aT7

m=1 r=1 CLT! r!
(1.34)
where the sum Y extends over all combinations of non-negative integer values of ay, as, . .., a
such that
k k
> ra, =k, and ) a, =m. (1.35)
r=1 r=1

1.2.4.5 Derivative of fractional integral and fractional integral of derivative

There is an important question that whether the derivative of fractional integral is

same as the fractional integral of derivative of a function. It means

S (D) = D, (dﬁf))’ (1.36)

The answer is No. The expression ([1.36) is true if 0 < o < 1.

1.2.4.6 Composition of fractional derivatives with integer order derivatives

The property of composition of fractional derivatives with nth (n € IN) order deriva-

tives is given by

s o) =0z (T = o) (137

It holds if the function f(x) satisfies the following:

f9%) =0, (j=0,1,---,n—1). (1.38)
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1.3 Lie Symmetry Analysis

The Lie symmetry method is an extremely popular technique for solving nonlinear
differential equations. In general, nonlinear differential equations are very difficult to
solve. Therefore, to obtain exact solutions of nonlinear differential equations has always
been an interesting and challenging concept in various fields of research. The symmetry
method has been widely applied to deal with many nonlinear differential equations. The
pioneer work on Lie symmetry analysis (also called Lie classical method) was done by
a Norwegian mathematician Sophus Lie in 1872-1899. He started with the investiga-
tion of continuous groups of transformations leaving differential equations invariant for
solving ODEs. He gave an algorithm to determine infinitesimal generators of Lie groups
of transformations. Despite its importance in the nonlinear phenomena, the Lie theory
remained unexplored for many years. Thereafter, the Lie group theory was developed
by Ovsiannikov [I50] in 1960. Since then, Ibragimov [89] 00, 94], Olver [147], Bluman
[24], 25], 27, 28], Cantwell [36], Clarkson [40H42] and many other authors have contributed
in the development and applications of Lie group theory [31, 50} 88, 10T 112} [145] 179].
Some applications of Lie group method are given by Bhutani et al. |20, 2], Broadbridge
et al. [31, [49], Singh et al. [176, I77], Sharma et al. [I54], 172, 173], Lakshmanan et
al. [22], [184], Gupta et al. [71] [74, [T05, 111, 113], Morris et al. [136] [153], Gandarias et
al. [62, 63, 164], Wang et al. [I85, [186], Nucci et al. [142, 143], Ozemir et al. |73} 152].

A symmetry of an object is a transformation leaving that object invariant. Sym-
metry group of a differential equation is a group of transformations which maps any
solution to another solution. Therefore, symmetry group is useful to obtain new solu-

tions from known solutions. The Lie symmetries admitted by differential equations can
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be used to reduce the number of independent variables in case of PDEs and reduce its
order in case of ODEs. Obviously, it is easier to solve the reduced differential equations.
The Lie symmetry method has been extended for the construction of various techniques
to study differential equations. Some of these generalizations are the nonclassical method
by Bluman and Cole [26], higher order symmetries by Olver [147], nonlocal symmetries
[146] etc. Many computer algebra packages are also available in computer softwares like
Maple, Mathematica to find the Lie symmetries of nonlinear differential equations.

In the following sections, the basic definitions, methodology of Lie classical
method for integer order differential equations and its latest advancements for FDEs are
presented. The symmetry method is further developed in the subsequent chapters for the

study of nonlinear systems of FDEs.

1.3.1 Basic Definitions

Consider a kth order system of N differential equations with n € IN independent

variables & = (1, ...,7,,) and m € IN dependent variables uw = (u', ..., u™) as follows:

FU(Q’,‘,’U,,’U,(l), ...,'u,(k)) = 0, g = 1, ...,N, (139)

where z;, v/ € R for all 7, j and w(y) is the set of nm first order derivatives of u given as

follows:

e e S 1.40
oxy Oz’ ' 0x, Oxry  O0x, Oxr; Ox, (1.40)

<8u1 oul oul Ou? ou? ou™ aw)
Uy = .

In general, for k£ > 2, u;) denote the set of all kth order derivatives of u given by

oFud
u —=
(k) 8@13%2 s 8% ’

where j=1,2,--- ,m and iy, -+ ,ip =1,--- ,n. (1.41)

Before discussion of the methodology of its Lie symmetry analysis, the basic definitions

and main features of Lie group theory are introduced [24, 89, 90, [147].
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1.3.1.1 One parameter Lie group of transformations

Definition 1.9 (Group). A non-empty set G with a law of composition * between its

elements forms a group provided that the following axioms hold [24] [147]:
1. (Closure): For all aj, as € G, a; * az must be an element of G.
2. (Associative): For all elements ay, as,a3 € G, a; * (a2 * az) = (a1 * az) * as.

3. (Existence of Identity): There exists a unique identity element e € G for all a € G

such that axe =a = e * a.

4. (Existence of Inverse): For every a € G, there exists a unique inverse element

a e Gsuchthat axa'=e=a""'xa.

Definition 1.10 (One parameter Lie group of transformations). Consider a set G of the

following transformations [94]:
Ty: &= fiz,u;N), @ =g (z,u;)\); i=1,...,n; j=1,..,m, (1.42)

where ) is a continuous real parameter in a neighbourhood S C R of A = 0, and f*, ¢/ are
infinitely differentiable with respect to the real variables & and an analytic function of A
in open interval S. The set GG defines a one parameter Lie group of transformations in
R™t™ with a law of composition ¢ : S x S — S and an analytic function of parameters

in S if the following axioms hold [24} 94 147]:

1. Closure: For T\,Ty € G and \, N € §" C S,

T\T\v =T\ € G, where \" = ¢(\,\) € S. (1.43)

2. Existence of Identity: There exists a unique identity Ty € G with respect to

0 € S following ¢(A,0) = A = ¢(0, \) such that

T)\To == T)\ = T()T)\. (144)
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3. Existence of Inverse: For any T € G, there is a unique inverse Ty * = Th-1 € G
for A™! € S such that

Ty =Ty =Ty T, (1.45)

where ¢(A, A7) =0 = p(A71,N).
1.3.1.2 Infinitesimal generators and prolongation formulae
Consider a one parameter Lie group of transformations as follows [24], 04! [147]:
Ty: &= fiz,u; N), @ =g (z,u;)), (1.46)

where ¢+ = 1,...,n; 7 = 1,...,m, X\ is the group parameter in group S with the identity

A = 0 and law of composition ¢. Expanding ((1.46) about A = 0, the following can be

obtained:
T =1+ A (51(3% u)) +O0(N\),
W =+ \ (1 (@, u)) + O(N?),
i, = ul, + A (n] (2, u,uq)) + O(N?), (1.47)
ﬂgmzk = Uzmzk + A (nzjlizu-z'k(wa u,: - 7U(k))) + OO\Z);
where 4, =1,--- ,n,l =1, -,k and the functions u{l = gf , g’m = 63275_ , ete.
'Ll ’Ll 'L<2

Here, ¢'(x,u), 7’ (z,u) are called the infinitesimals of the group defined by [24], 94, [147]

; 0x; Ofi(x, u; \
flwu) = 00 OT@u)
o PP 0P ‘
TR =X heo ~ O A=0
Also, 0l gy (@, - ) = % are called the extended infinitesimals of order
A=0

k (also called prolongation formulae or prolongations) defined as follows [24] [147]:
(@, u) = Di(1) — ujDi(€"),

(1.49)

Ty (@0, ) = Diy (0], ) = ul, 1 Di(€1).
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where D; denote the total derivative operators, defined by

0
a.TZ'

) ,
_ I
D, = + u] 5 +u - (1.50)

ipaiug)
The transformations ([1.47)) up to first order are as follows:

0

O\

AO) . (1.51)

The transformations (1.51)) are called the infinitesimal transformations with the infinites-

oA

P

imal generator or symmetry operator of the following form:

V = ()

o (1.52)

+1 (z, u)

oui’
with the standard convention of summation over repeated indices.

Theorem 1.1 (First fundamental theorem of Lie). The one parameter Lie group of
transformations ((1.46) is equivalent to the solution of an initial value problem for a system

of first order ODEs in the following form [24]:

dz; : di?
L=¢(z,u), —— =1 (2, u 1.
@), S = (@), (153
with the following initial conditions
Tilamo = @5, @ |x=0 = 0. (1.54)

The first fundamental theorem of Lie proves that the essential information for char-
acterizing a one parameter Lie group of transformations is within the infinitesimal trans-
formations. Therefore, the Lie group of transformations is equivalent to its infinitesimal

generators (also called vector fields).

Definition 1.11. The extended infinitesimal generator V® (k = 1,2,---) for a one

parameter Lie group of transformations (|1.46f) is defined as follows [24]:

+7]] (11, ’u’>7+7]i (wv u, u(1)>7+ : +n31221k (w7 u,--- 7u(k))7

; 0
V(k) = f (m7 'u,) S %

3xi
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1.3.1.3 Invariance

Definition 1.12 (Invariant function). An infinitely differentiable function F'(x,w) is an
invariant function of the Lie group of transformations if and only if the following
holds [24]:

F(z,u) = F(x,u). (1.56)

The function F(x,u) is called invariant under the group of transformations ((1.46]).

Theorem 1.2. A function F(x,u) is invariant under a Lie group of transformations

(1.46|) if and only if the following holds [24]:

VF(x,u) =0, (1.57)

where V' is the associated infinitesimal generator of group (1.46|) given by (1.52]).

Definition 1.13 (Infinitesimal invariance criterion for differential equations). The Lie

group of transformations (|1.46|) with generator (1.52)) is admitted by the system ([1.39) if
and only if V*) leaves (1.39)) invariant i.e. the following must hold [24]:

V(k)F"(:I:,u,u(l), vy Uky) = 0, when F"(xx,u, Uy, ..y U)) =0, (1.58)

where o, = 1,..., N. The condition (1.58)) is called the infinitesimal invariance criterion
for the system of differential equations (|1.39)).

Definition 1.14 (Invariant solution). The function uw = ©(x) with components v/ =
©/(x), j = 1,...,m is an invariant solution of the system (1.39) admitting the group of
transformations ((1.46) with generator (1.52)) if and only if the following two axioms hold

[24]:
1. u = ©O(x) satisfies the system ((1.39).
2. v = ©I(x) is an invariant surface of (1.52)) for all j..

The second condition implies that V(u/ — ©7) = 0 when uw = ©(x). Therefore, the

following is obtained:
00

oz, W (z,O(x)). (1.59)

¢'(z,0(z))
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These are called the invariant surface conditions for the invariant solutions of system
(1.39). The invariant surface conditions (1.59)) can be solved by solving the following

associated characteristic equations:

dxy dxs dz,, dut du? du™

{zx,u) N §2(x, u) B

T e(myu) ni(mau)  pA(x,u) (@, u)
(1.60)

The solutions of above system of equations gives n+m — 1 new variables called group in-
variants. The number of independent variables is reduced into n—1 say z;(x, u), ..., 2,1 (x, u)

called similarity variables and m dependent variables say v!(z,u), ...,v"™(x,u) with Ja-

Ol 0™ # 0. In general, they are expressed as follows:

cobian O(z1,...y2n)

vz, u) = ¢ (21(x,u), ..., 20 1 (1)), (1.61)
where ¢’ is differentiable function of z;(x,u), ..., 2,_1(x,u). Substituting (1.61]) into the

original system (|1.39)), the reduced system can be obtained in n + m — 1 new variables.

1.3.1.4 r-parameter Lie group of transformations

An r-parameter Lie group of transformations is defined by the following transforma-
tions [24) [147]:

Tr: %= fiz,w;N), @ =g (z,u;N); i=1,..n j=1,..m, (1.62)

satisfying the properties same as the definition of one parameter Lie group of transforma-

tions with parameter \ replaced by vector A = (Ag, Ay, -+ , A.). The law of composition

in this case can be denoted by

¢(A7 A,) = (¢1 (A7 A/)7 ¢2<A, A,)v T ¢T(A7 Al))’ (163)
with A" = (Nq,---,N,) and (X, X) is analytic in its domain and satisfies the axioms
of group with A = 0 implying identity A\; = Ay = --- = A\, = 0. The set of infinitesimal

generators can be given by

: 0
+nl(x,u)=—, s=1,2,--- 1 (1.64)

i 0
VS = fs(m7u) auj7

(%ci
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The Theorem can also be generalized for r-parameter Lie group of transformations.

1.3.1.5 Lie algebras and classification of subalgebras

Definition 1.15 (Lie bracket). Consider an r-parameter group of transformations with
infinitesimal generators Vi, s = 1,2, --- ,r then the Lie bracket (also called commutator)
of any two generators Vi, V5 is a unique infinitesimal generator satisfying the following
[24]:

Vi, Vo] = ViVa — VaVi. (1.65)

Definition 1.16 (Lie algebra). A Lie algebra L is a vector space over field ' (R or C)

with a binary operation given by [24] [147]
[,.]: LxL— L (1.66)
satisfying the following axioms

1. Bilinearity

[alm + 0,2‘/2, Vé] = al[‘/la ‘/3] + a?[‘/?v %]7

V1, asVo + a3Vs] = as[Vi, Vo] + as[Vy, V3] for constants aq,aq, a3 € F. oD
2. Skew-Symmetry
Vi, Vo] = =[Va, VA]. (1.68)
3. Jacobi Identity
V1, [Va, V3] + [Va, [Va, Vi)l + [V3, V1, Val] = 0, (1.69)

for all V1, V5, V3 € L.

Remark

A Lie algebra is called abelian if and only if [V, V5] = 0 for all V3, V; € L.

Definition 1.17 (Subalgebra). A subalgebra [24] of a Lie algebra L is a vector subspace
H C L which is closed under Lie bracket. So, [V, V5] € H for every V;,V; € H.
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Definition 1.18 (Adjoint operator). The adjoint of two vector fields V, W € L denoted
by Ad(exp eV )W is defined as follows [24]:

62

Ad(exp eV )W =W — €[V, W] + ﬁ[V, VW] —---. (1.70)

Classification of subalgebras
Let Vi, V5, .-+, V. be the vector fields of a Lie algebra L. It is obvious that any linear
combination of these vector fields is again a vector field in L. The invariant solutions
can be obtained for any of such linear combinations. The classification of subalgebras
is a systematic process for determining a set of those linear combinations of symmetry
generators of a Lie algebra which lead to inequivalent group invariant solutions. The
technique for classification of one-dimensional subalgebras of a Lie algebra is as follows

[24], 147]. The most general element of L is of the following form:
V:alvl—i-ang—i-'--—i—aTVr. (171)

Take its adjoint with each of the vector fields V; for different values of a; and simplify it
as much as possible. It will result in a list of one dimensional subalgebras, called the op-
timal set, leading to inequivalent group invariants. Therefore, the inequivalent symmetry
reductions can be determined solving which the exact solutions of the considered system

of differential equations can be obtained.

1.3.2 Methodology

The stepwise procedure for Lie symmetry analysis of a system of differential equations

is as follows [24]:

1. Let the one parameter Lie group of transformations (1.46)) leaves the system ([1.39)

invariant.
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2. Obtain the invariance criterion for the considered system (|1.39)).

3. Substitute the prolongations and equate the coefficients of various partial derivatives
of dependent variables to zero resulting in an over-determined system of linear
differential equations in the infinitesimals &%, 7/. This system is called the set of

determining equations.

4. Integrate the determining equations to obtain the infinitesimals ¢, 77 involving some

arbitrary constants or arbitrary functions.

5. Solve the corresponding characteristic equations obtained from associated vector

fields to find the dependent variables w in terms of new n — 1 independent variables.

6. Transform the system (1.39) into a reduced system in the new variables.

1.3.3 Recent Advances of Symmetry Approach for FDEs

Recently, the Lie symmetry method has been developed for differential equations of
fractional order in Riemann-Liouville sense. It has been proposed for single fractional
order ODEs as well as time fractional PDEs [16], 32, 65]. New kind of prolongation
formulae have been introduced for symmetry analysis of single FODEs and time fractional
PDEs. The basic theory of invariance for integer order differential equations still remains
applicable to FDEs. However, there are additional requirements of invariance at lower
limit of integral in definition of Riemann-Liouville fractional derivative. Recently, many
research articles have been discussed dealing with application of the symmetry method
for single fractional order PDEs [78], [79, 99, 100, 130}, 189, 196]. In continuation to work
in this direction, this thesis mainly aims to develop and apply the Lie symmetry analysis

for investigation of various kinds of fractional order systems of differential equations of
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any dimension and of any arbitrary order having integer as well as variable coefficients.

The details of the executed research are provided in the corresponding chapters.

1.4 Conservation Laws

The concept of conservation laws plays an important role in the study of differential
equations. The conservation laws for differential equations are mathematical formulation
of the physical laws such as conservation of energy and conservation of momentum. A
conservation law of a system of the form is an n-tuple (C',C?,--.  C") satisfying

divergence expression given as follows [147]:

ZDiCi(w,u,u(l),--~ ,U(k)) = O, (1.72)

i=1
which vanishes for all solutions of the system . The law is called a local
conservation law provided that C? are free of integral terms. The components C? are
called the fluxes of conservation law and the highest order derivative in the fluxes C* is

called the order of a conservation law. For & = (z,t), the conservation law is as follows:
D;(C*") + D,(C*) = 0. (1.73)

The flux C* corresponding to time variable ¢ is called the conserved density. The conser-
vation laws can be trivial or non-trivial. The conservation laws are called trivial provided

any of the following two conditions hold:
e The n-tuple (C!,C?, .- ,C") itself vanishes for the solutions of the system (1.39)).

e The expression ((1.72)) vanishes not only for solutions of the system ([1.39) but for

any arbitrary function w.
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There are many approaches to construct conservation laws for differential equations.
In 1918, Emmy Noether [I41] proved a theorem about application of continuous symme-
tries in proving the existence and derivation of conservation laws. Noether’s theorem is
a systematic procedure for determining conservation laws of PDEs having a Lagrangian
function. There are some methods to find conservation laws which do not depend on
the knowledge of Lagrangian. Anco and Bluman [9, [10] developed a direct method for
determining conservation laws for PDEs. Kara and Mahomed [103] gave a technique to
obtain conservation laws using partial Lagrangians. Ibragimov [91] proposed a formula
using symmetries in which the PDE together with the adjoint equation is considered as
a system. A computer package in Maple is also available to obtain conservation laws
[39]. In this work, the Ibragimov’s method is used for constructing conservation laws.
Recently, many research articles are devoted to derivation of conservation laws for dif-
ferential equations [3, 8, B3], 61, 138]. For more details on the theory, methods and
applications of conservation laws, the interested reader is referred to Refs. [25, 137, [147].

Despite the importance of conservation laws in investigating integrability, inter-
nal properties and proving existence and uniqueness of solutions of differential equations
[25, [95], [147], the conservation laws for fractional order PDEs are not widely discussed. Re-
cently, the fractional generalized Noether operators are proposed [129] for time fractional
PDEs not having Lagrangians to find their conservation laws using new conservation
theorem [9I]. The conservation laws have been discussed only for single time fractional
PDEs in few papers [58, 64 166, 167, 187, 195].

In this thesis, the conservation laws for FDEs are discussed in two chapters: chapter

and chapter [3|
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1.5 Outline of the Thesis

The overall goal of this thesis is to extend the Lie group theory by proposing new
prolongations for each extension and to demonstrate its applications to different kinds of
physically significant fractional nonlinear PDEs.

In chapter 2, the methods to investigate Lie symmetries and conservation laws
for time fractional systems of PDEs are proposed. The prolongation formulae are pro-
posed for (141)-dimensional time fractional systems with an arbitrary number of depen-
dent variables. The extended prolongation operators in Ref. [86] are proved incomplete in
comparison with our suggested formulae with the help of some examples. The following
time fractional nonlinear systems are investigated for determining their Lie symmetries,

symmetry reductions, nonlinear self-adjointness and conservation laws.

Time fractional [to system

Time fractional coupled Burgers equations

Time fractional coupled KdV system

Time fractional Hirota-Satsuma coupled KdV system

Time fractional coupled Hirota equations

The extended form of classical symmetry method is introduced as well as applied
for studying space-time fractional (141)-dimensional PDEs in chapter 3. The efficiency
of the proposed method is proved by its application to some nonlinear space-time frac-
tional PDEs leading to their similarity reductions into fractional order ODEs in terms of
Erdélyi-Kober fractional operators. Also, by generalizing the concept of nonlinear self-

adjointness and conserved vectors for space-time fractional PDEs, the conservation laws
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for the considered FPDEs are obtained. The following space-time fractional nonlinear

PDEs are investigated:

e Space-time fractional Gilson-Pickering equation

e Space-time fractional generalized KdV equation

In chapter 4, the Lie symmetry approach is extended for space-time fractional
systems of PDEs by developing the required prolongation formulae. The suggested formu-
lae are applied for symmetry analysis of the following five physically significant nonlinear

space-time fractional systems of PDEs:

Space-time fractional Ito system

Space-time fractional coupled Burgers equations

Space-time fractional coupled KdV system

Space-time fractional Hirota-Satsuma coupled KdV system

Space-time fractional coupled Hirota equations

The above mentioned fractional nonlinear systems of PDEs are discussed for their Lie
symmetries and reduced into fractional systems of nonlinear ODEs in Erdélyi-Kober op-
erators.

Extending the work done in the previous chapters, chapter 5 deals with deriv-
ing a generalized Lie symmetry approach for determining the Lie point symmetries for
systems of FDEs with an arbitrary number of both independent and dependent variables.
For this purpose, the required general prolongation formulae are proposed in a systematic
way. In chapter 2 and chapter 4, the Lie symmetry method is proposed for time fractional

systems and space-time fractional systems respectively having two independent and more
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than one dependent variables. The present study is an extension of the existing theory
which allows to find the symmetries of higher dimensional systems of fractional ODEs as
well as PDEs. The proposed symmetry approach is applied for Lie group analysis of the

following five nonlinear higher dimensional fractional systems of PDEs:

e Fractional (2+1)-dimensional ANNV system

Fractional (3+1)-dimensional Burgers system

Fractional (3+1)-dimensional Navier-Stokes system

Fractional (3+1)-dimensional incompressible non-hydrostatic Boussinesq system

Fractional (3+1)-dimensional incompressible non-hydrostatic Boussinesq system

with viscosity

In chapter 6, the applications of Lie symmetry method for FDEs is extended
from FPDEs with constant coefficients to FPDEs with variable coefficients. Two single
time fractional nonlinear PDEs with variable coefficients and three time fractional non-
linear systems of PDEs with variable coefficients are investigated using the symmetry
approach and reduced into fractional order nonlinear ODEs. The discussed FDEs are as

follows:

Variable coefficient time fractional KdV-Burger-Kuramoto equation

Variable coefficient time fractional generalized seventh order KdV equation

Variable coefficient coupled Boussinesq system

Variable coefficient coupled KdV system

Variable coefficient Hirota-Satsuma coupled KdV system



Chapter 2

Time Fractional Nonlinear Systems
of Partial Differential Equations

2.1 Introduction

Lie group analysis has been applied to FODEs [16], [104] as well as FPDEs [32,
78, 187, 100}, 120}, 188, 191], 197]. In the research works in literature on symmetry analysis
of FDEs [163] [169, [187, 189] 190], only single fractional order differential equations have
been discussed. But this chapter deals with the study of systems of time fractional PDEs
with the help of Lie symmetry analysis. Huang and Shen [86] also extended the Lie
symmetry approach for solving the time fractional systems of PDEs. They proposed
fractional order prolongation operators for determining Lie symmetries for systems of
FPDEs and presented its application to a time fractional system. In this chapter, it is
shown that their prolongation formulae [86] are incomplete and are not able to derive
the general form of Lie symmetries for time fractional systems. Therefore, the required
modifications in the formulae are suggested in this chapter to overcome the shortcomings

of their formulae.

(i) A part of this chapter is published in Journal of Mathematical Physics, 57, 101504 (2016).
(ii) A part of this chapter is published in Journal of Mathematical Physics, 58, 054101 (2017).
(iii) A part of this chapter is published in Communications in Nonlinear Science and Numerical Simu-

lation 53, 10-21 (2017).

29
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For FDEs not having Lagrangians, the derivation of conserved vectors is limited
to only single time fractional PDEs [5], 64], 129] 167, [187]. However, to the best of our
knowledge, the idea of investigating conservation laws using symmetry generators has
not been extended to the systems of time fractional PDEs. This chapter aims to extend
the symmetry approach and method to find conservation laws for time fractional systems
of PDEs. For this purpose, the fractional extended infinitesimals are proposed for the
time fractional systems of PDEs with an arbitrary number of dependent variables. The
concept of nonlinear self-adjointness and a generalization of fractional Noether operators
are provided for formulation of conservation laws for time fractional systems with the aid
of new conservation theorem [91].

The organization of the chapter is as follows. In Section [2.2] the Lie symmetry
method is extended for time fractional systems of PDEs. Also, the comparison of the
proposed formulae with the formulae in literature is presented using some examples. In
Section[2.3] the technique to find conservation laws is proposed for time fractional systems
of PDEs. Section deals with applications of the proposed approaches for investigating
Lie symmetry analysis and conserved vectors of some time fractional nonlinear systems.

The conclusion of the chapter is discussed in Section [2.5]

2.2 Lie Symmetry Analysis for Time Fractional Sys-

tems of Partial Differential Equations

In this section, the Lie symmetry analysis is introduced for systems of time fractional

PDEs. Consider a system of time fractional PDEs with u(x,t) and v(z,t) as dependent



Chapter 2. Time Fractional Nonlinear Systems of Partial Differential Equations 31

variables and o > 0 in the following form:

aa
823: = Fi(z,t,u, v, Uy, Vg, Uz, Vg -+ ),
(2.1)
v = Fy(x,t,u, v, Ug, Vg, Ugg, U )
ot = L2\L, by Wy Uy Ugy Ugy Uggy Ugxy -+ )+

Assume the invariance of the system ([2.1) under one parameter Lie group of trans-

formations of the following form:

7= x+ e, t,u,v) + O(),

t=t+er(x,t,u,v) + O(),

i =u+en(z,t,u,v) + O(e),
b= v+ ed(x,t,u,v) + O(?),
g::’ - g:: +e¢™ + O(€%),

gz = 6—;& +en” 4+ O(€?),

gz = gz + €¢” + O(e?),

where (£, 7, 1, ¢) is the set of infinitesimals, (n®*, ¢®') are extended infinitesimals of
order «, (n®, ¢*) are extended infinitesimals of order 1 and so on. The corresponding

infinitesimal symmetry generator is as follows:

X =¢(x,t, u,v)2 + 7(x,t,u, v)g +n(z,t,u, v)2 + é(x,t,u,v) 0 (2.3)

O ot Ou o’
The o'* order extended infinitesimal function 7% related to Riemann-Liouville fractional

derivatives is as follows [15], [78] 87, [169]:
™" = Dj'(n) + €D} (uy) — D7 (§ue) + Dy (Dy(r)u) — D (ru) + 7D (u). (2.4)
Since Dyt f(t) = DX (D;f(t)), it can be further simplified to the following:

™" = Di(n) + £D7 (uy) — D} (§us) + 707 () — D (Tuy). (2.5)
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Using the generalized Leibniz rule (1.33), the expression (2.5 can be written as follows:

R AURRU YD ol WIS of () D)
(2.6)

Using the Osler’s rule [148] and generalized chain rule [106] 120} [157], the term Dg(n) in

(2.6) can be obtained as follows:
a/ 0% 0“u 0N 0% 0"y ("N o
D) = oo (77“ T ) i <m oo o ) T 2 n) o P ()

8”%
Z( ) ain Dy (v) + pa + pe,

where

ZZZZ( ) o) (i s g
Z Xn: Xm: kzl ( ) ( ) (i),:,r(n T:Jr 5 (_U)T;; (v’”);:;;;. (2.9)

n=2m=2 k=2 r=0

Therefore, the final expression for a'" extended infinitesimal % for system of FPDEs of

the form (2.1)) can be calculated as follows:

8a77 0%u aanu 0% aan
at _ 2 . gu B
- Ot + (1 — aDy(7)) ota u ot + <77v ot 01&0 ) + p1 2
o % 8"% _ o nal o n 8nnv
+ nzl [( > ot <n i 1) D; (7')1 D; Z ( ) oin D" (v) (2.10)

_ Z ( ) Da n(ux)
Analogous to the expression obtained above, the o extended infinitesimal ¢** can be

obtained as follows:

0% v 0%, 0%u 0%,
a,t . g B
gb N ot~ + (¢U aDt(T)> ote v ot + <¢u ot Uu ot > +M3 +M4
an¢v . (@) ntl o n an¢u
= K ) ot <n+1>Dt (v ]D +Z< ) S DiT () (211)

£ (forerr
where p3 and puy are as follows:

co n m k-1 k1 o am . an—m+k¢

7122;2132220( )( ><r>k!F(n—a+1)( W o () g (212)
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and
n m k—1 n—o m n—m-+k
Y1t O e VTS
ZZZZ( )( ><>k|r (=) 5 (V) (2.13)
o S e S r) kT (n—a+1) ot otr—mou
Following the previous steps, these prolongation rules can be easily extended in case of
systems of time fractional PDEs with more than two dependent variables. The general

prolongation operators for m dependent variables are proposed in the following theorem:

Theorem 2.1. The general prolongation formulae % (i = 1,...,m) for time fractional
systems of PDEs having m dependent variables (u',...,u™) and independent variables

(x,t) for Riemann-Liouville fractional derivative 0 < oo < 1 are as follows:
, o’ on' o’ 8“ on' on® 0w’ 0% [ ont
i(e0) _ oD Y i
7 e (aw’ “ ”) o Vo (aw) +§ <8uj oo ot \ ou
a— n z «Q an+1?7i «Q n+1 a—-n, i
Sl SRl
8n+1 A m
B2 ()t

=1

(2.14)

where

S E R ()OO b

n=2q=2 k=2 r=0
Note 3. Note that in expression {} the expressions for ,u;, become zero if the n' are

linear in the dependent variables u?.

2.2.1 Comments on the Prolongation Formulae in Literature

The fractional order prolongation formulae n*®® (i = 1, ..., m) provided by Huang and
Shen [86] for the time fractional systems of PDEs with m dependent variables (u', ..., u™)

are as follows:
. aani ani aaui @a 377i < /o B .
¥e,0) = = — _ n oa—n/ 1
" dte <aui aD”) o o (aw) 2 )Dt (&) D7 (uz)

tOé
= [ [a) 0"y @\ a-n, i | i
* Z [(n otnout <n+ 1>Dt+1(7—)] Dyt 4
n=1
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In our point of view, the formulae are incomplete and the correct are proposed by
Theorem . The suggested prolongation formulae for m =1 7.e. in case of one
dependent variable, coincide with the one given particularly for two independent variables
in a recent work [I120]. In that paper [120], the generalized prolongation formula is pro-
posed for the symmetry analysis of single fractional PDEs with one dependent variable
and arbitrary number of independent variables. On the other hand, in this chapter, the
generalized prolongation formulae are proposed for symmetry analysis of fractional
systems with an arbitrary number of dependent variables and two independent variables.
Our claim is that the proposed formulae are complete in the sense of providing
generalized Lie symmetries for time fractional systems with an arbitrary number of de-
pendent variables. For justification of our claim, both kind of formulae are applied for

the derivation of Lie point symmetries for some time fractional systems.

2.2.1.1 Comparison of (2.14)) and (2.16) with the integer order formulae

In this subsection, the comparison of both types of prolongation formulae (2.14)) and
(2.16)) has been done with the integer order prolongation operators. For simplification, it
is performed for m = 2 i.e. in case of two dependent variables say (u,v). The symmetry

operator can be written in the following form:
V =&z, t,u,v)0; + 7(x, t,u,v)0 + n(x, t,u,v)0y, + ((x,t, u,v)0,. (2.17)

It is well known that for integer order systems of PDEs, the first order prolongation

operators [24], [147] are defined as follows:

77t =M+ (Uu — ) Ug + NV — TuutZ — Tty — &y — Uiy — §pUily,
(2.18)

Ct =G4 (G — 1) vy + Culty — Tty — Ty — EUp — EUyUy — EyUy0,.
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Substituting o = 1 and m = 2, the expression ([2.16|) reduces into the operators as follows:
77(170) =M + (nu - Tt) Uy — Tuu? — TyUgUy — ftum - guutua: - gvvtuazv
(2.19)

C(LO) = Ct + (CU - Tt) Vg — Ty UV — TvUtQ - ftvm - guutvz - gvvtvx-

Obviously, the reduced formulae (2.19) are incomplete in comparison with (2.18). On
the other hand, the reduced form of prolongation operators (2.14) for m =2 and a = 1
coincide with the integer order formulae (2.18)). It proves the accuracy of the proposed

prolongation formulae.

2.2.1.2 Examples

In this section, the efficiency of the proposed formulae in comparison with
formulae is illustrated by calculating Lie symmetries for three systems of time
fractional PDEs.

Example 1

The first example is the same system considered by Haung and Shen [86] and given by

0tu = C* (),
(2.20)

(0%
O = uy,

where 0fu = %. Using the proposed prolongation operators |D in the invariance

conditions given by Haung and Shen [86], the determining equations can be obtained as

a\ 0"(, B Q@ el
(n) ot (n + 1>Dt =9
Q 5”% . «Q n+1_
(n) ot (n + 1) birr=0,

D}(§) =0,

follows:

(2.21)

Te =Ty =Ty =0,
My — CuCQ(x) =0,

(11 — am)C*(2) — 20(2)C(2)€ — C*(2)¢, + C* () Do€ = 0,
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G —ar —n,+ D =0,
07 — udfny — vofn, — C*(2)Ce + py + iy = 0,

07 ¢ — udf Gy — 07 Gy — e + pii + 3 = 0.

The determining equations obtained above are generalized than those in Ref. [86]. Solving

these determining equations, the set of solutions is as follows:

c ey
C(x)dx + 02> . oT= (2.22)

«

e=clo)

Here, for brevity, the values for n and ( are solved only for the following two cases:
Case 1: If () = Cy = 0, C(z) is arbitrary, integrating the determining equations gives

the following symmetries:
£=0, 7=0, n=Csu+ (Cw)C*x)+ f(x,t), (=Csv+Cuu+g(z,t), (2.23)

where Cj3, Cy are arbitrary constants and functions f, g satisfy the following:

O f = C*(2)ga,
(2.24)
8?9 = f;t

Case 2: If €} # 0, Cy # 0 and C(z) = 1 then the set of solutions is as follows:

Cht
E=Cx+Cy, 1= 71, n=Csu+ Cyw+ f(x,t), (=Csv+ Cyu+ g(x,t), (2.25)

where C1, Cy, C3, Cy are arbitrary constants and functions f, g must satisfy the following:

O f = 9a,
(2.26)

ata 9= Jfu
Clearly, the symmetries derived in both the cases are more generalized than the symme-
tries obtained in Ref. [86]. Similarly, for the remaining cases in Ref. [86], the generalized

form of symmetries can be calculated using the suggested formulae. Note that for the

sake of simplicity, the linearity of n and ¢ in both the dependent variables u,v has been
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assumed.
Example 2

The second considered time fractional system of PDEs is as follows:

Ofu + 2v(u? +v2) = 0,
(2.27)
Oty — 2u(u? +v?) = 0.

The invariance criterion with the infinitesimal operator (2.17) can be written in the

following form:

=0,

10 + 20 (u} + 03) + 20(2uen” + 20,¢7)]
(12.27)

(2.28)

= 0.

{C(a,o) —2n(u +v?) — 2u(2un* + QUICI)]
227)

Using the prolongation operators ([2.16]) in (2.28) and solving the resulting determining
equations, the solutions can be divided into the following cases:

Case a = %: In this case, the Lie point symmetries are obtained as follows:

§=Cir+Coy 7= 1(D), n:Z(z(Jl—Z), g:;’(zcl—”), (2.29)

where C, Cy being arbitrary constants and 7(0) = 0.

Case a # %, T+ = 0: In this case, the obtained symmetries are of the following form:
§=Cir+ Gy, 7=Cot, n=3502C—aCy), (=5(2C1—aCy),  (2:30)

where (', Cy and C3 are arbitrary constants.
On the other hand, taking advantage of the suggested operators (2.14]) in conditions
(2.28)), the Lie point symmetries are obtained as follows:

Case a = %: In this case, the obtained Lie point symmetries are as follows:

E=Cx+Cy T=71(t), n= C’w—l—% (201 - Z) , (= —C'4u+% (201 - g) . (2.31)

Case a # %, T = 0: In this case, the symmetries are obtained in the following form:

5 = Cﬂf"i‘CQ, T = C3t, n= C4U+ g(?Cl — OéCg), C = —C4U—|— %(201 — CYCg), (232)
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where C, Cy, C3 and Cy being arbitrary constants. Clearly, the symmetries ,
are more generalized than , . It is also important to note that the symmetries
, are equivalent to the integer order symmetries of the system for
a = 1, proving the validity of the introduced formulae .

Example 3

The third time fractional system is of following form:

0w + vy + 20(u? + %) =0,

(2.33)
0% — uy — 2u(u® +v*) = 0.
The invariance conditions are of the following forms:
[0 4 ¢ 4 20(u + ) + 20(2un + 20¢)| | =0,
— (2.34)
{C(a’o) — 0" = 2n(u® + v?) — 2u(2un + 21}()} =0.
Z33)

Using the prolongation operators (2.16]), the Lie point symmetries can be obtained as
follows:

E=Ca+Cy, 7= C;t, n:—@, C:—@, (2.35)

where C1, Cy being arbitrary constants. Applying the prolongation formulae (2.14)) pro-

posed in this chapter, the investigated symmetries are of the following form:

Cit C C
5201$+027 szla n:—ﬂ—‘—CgU, C:_%_C?)uv (236)

where C7, C5 and Cj are arbitrary constants. The symmetries are general than
and also equivalent with the integer order symmetries of the system for
a = 1. Here, for simplicity, the linearity of n and ¢ in both the dependent variables has
been chosen.

For all these systems, the derived Lie point symmetries using the formulae

are more generalized than those using the formulae (2.16)).
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2.3 Conservation Laws for Time Fractional Systems

of Partial Differential Equations

In this section, the technique to find conservation laws is proposed by investigating
the nonlinear self-adjointness of the time fractional systems. Consider a time fractional

system of the following form:
Fi(x,t,u, ooy U, O UL oy O Uiy Ut gy ooy Uy --) = 0, =1,..,m, (2.37)

with m dependent variables (uq, ..., u,,). Assume that the system ([2.37)) admits the Lie

group of transformations with the following vector fields:

Vi = &0y + 70 + Y 1] O, (2.38)

j=1
2.3.1 Nonlinear Self-Adjointness

The idea of nonlinear self-adjointness is very well known and well established [92] 93]
for the integer order PDEs. Recently, it is presented for single time fractional PDEs
[129,[167]. In this section, the concept of nonlinear self-adjointness is extended from single
time fractional PDEs to the systems of time fractional PDEs. The formal Lagrangian

can be written in the following form:

L= pi(x.t)(F)), (2.39)
j=1
where p;(z,t) are the new dependent variables. The adjoint equations are defined as

follows:

Fr=-—"2=0, j=1,..,m. (2.40)

Here, %j represent the Euler-Lagrange operators defined by

o 0 0 = 0

— = — + (DM ——— ~-1)"D;,Dy,, ..., Dj —— .
O Dy T 2T PP Pagy T

2.41
5Uj OU]' ( )

k
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Here, (D{*)* is the adjoint operator defined by
(DP)" = (=) (Dy) = { D¢, (2.42)

with I7~“ is the right-hand sided fractional integral operator of order n — « given by

L f (e t) = (nl_ 3 /t ) e / (;’lil_nds, for n = [a] + 1. (2.43)

Also, tC D% is the right-hand sided Caputo fractional differential operator [106] 129] of
order .
The time fractional system (2.37) is called nonlinearly self-adjoint if the adjoint equa-

tions ([2.40]) are satisfied for all solutions of (2.37)) upon the following substitutions:
p; =Yz, tur, . Uy), j=1,..,m, (2.44)

satisfying 1, # 0 for at least one j.

In other words, the following conditions must be satisfied:

oL

57,1,]‘

(2.44) i=1

where A/ are the undetermined coefficients.

2.3.2 Conservation Laws

Here, the Noether operators are generalized to calculate conservation laws for time
fractional systems with the help of new conservation theorem [91]. Since there are no
fractional derivatives with respect to z, the conserved vectors for the component x are

same as for integer order systems, and given by [92] 93]

0L
+ D2(W))—— + ... (2.46)

5uj,:v:c;r

i 7 5uj,x

+ D, (W)

j:l 6”]71':3
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where VVij are the characteristic functions corresponding to vector fields V; and dependent

variables u;, defined as follows:

W =nl — &ug — Tyuy. (2.47)

)

The t-component of conserved vector can be extended for time fractional systems of PDEs
as follows:
i ; oL ; oL
ot =3 [Senror ot (e ) - o (ot () )|
jz=:1 =0 ' " \9(Dfuy) " \a(Dguy)

(2.48)

where J(f, g) is the integral defined by

J(f,g9) = 1) /Ot /tp wdrds. (2.49)

I'n—a« (r — s)atl—n

2.4 Applications of the Proposed Methods

In this section, the efficiency of the proposed extensions of Lie symmetry method and
method to find conserved vectors is illustrated by their application to some physically
significant time fractional nonlinear systems. The considered time fractional nonlinear
systems of PDEs are discussed for symmetry analysis for 0 < o < 1 and for conserved

vectors with 0 < o < 2, @ # 1.

2.4.1 Time Fractional Ito System

The Ito system [19] describes the interaction process of two internal long waves and
has infinitely many conserved quantities. It is a generalization of KdV for more com-
plicated nonlinear effects on the wave propagation in KdV [19]. In [I14], it is shown

that this coupled system can be a member of a bi-Hamiltonian integrable hierarchy. The
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time fractional Ito system has been studied in different forms [110] for its approximate

solutions. Here, we consider the time fractional Ito system in the following form:

O u — 3utly — Vg — Uy = 0,
(2.50)
Ofv — (uv), = 0.

2.4.1.1 Symmetry analysis

The symmetry analysis of the system (2.50)) is described in the following theorem:

Theorem 2.2. [f the Ito system (2.50) admits the group of transformations (2.2)) then
the Lie symmetries are derived as follows:

t 2 2
§= % +cp T= %7 n=-—z0u and ¢ = —34av, (2.51)

where ¢y, co are arbitrary constants. Hence, the corresponding Lie algebra is generated

by the following vector fields:

Ls0 10 20 20
17302 " aot 3u8u 3U80’ (2.52)
5 )

‘/2—%-

Proof. For the invariance of system (2.50) under group of transformations (2.2]), the

invariance criterion takes the following form:

[ = 3(un” + nua) = (vi” + $u) — 7" |@zg) = 0,
(2.53)
[6™ = (ud” +1vs) — (vn” + us)] | gzy = 0.
Then substituting the values of prolongations and equating the coefficients of various

linearly independent variables to zero, the following set of determining equations for

0 < a < 1 can be obtained:

gt = gu = &; - 07

(Z) - <n . 1) DITT=0 nel

<a> 0 bo — ( i 1) Dit'r =0, neN, (2.54)
n n

Ty =Ty =Ty =0,

Nuw = Nov = Nuw = Mot = 07
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3Nazo — (2u+0)my = 0,

vny + (v +3u)(§e — aty) — ¢ — 3N+ 3azu — Exaw = 0,
at, — 3¢, =0,

Nww — oz = 0,

n=u(&e —ar) — v,

¢ —v(py —am —ny +&) =0,

9;'n — ud;n, — vO; My — (3u+ V)N — Nz = 0,

0 —vO ¢y — upy, — vn, = 0.
On solving this system of FDEs and PDEs yields the following general solution:

t 2 2
¢ = % +y, T= % +es, n=—zau and ¢ =—zav, (2.55)

where ¢; (i = 1,2,3) are arbitrary constants. Also, for & = 1, the obtained symmetries
are same as symmetries . Because the lower limit of integral in Riemann-Liouville
fractional derivative operator is fixed, so for preservation of its structure under
transformations , the following condition should hold:

T(x,t,u,v)|i=o = 0.
Thus, it gives ¢ = 0 and completes the proof of the theorem. n

It is easy to check that the symmetry generators V; and V5 in (2.52)) form a closed Lie

algebra, as we have the following:
1

Next step is imposing the obtained Lie symmetries to find the reduced system for ([2.50)).

For the vector field V4, the following characteristic equations are obtained:

dx dt du dv
T T E T 24T v
3 P 3 3
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The obtained similarity solutions are as follows:
z=at%, wu(z,t)=t3 f(z) and v(z,t) =t 3 g(2). (2.56)

Before calculating the symmetry reductions, let us introduce the Erdélyi-Kober fractional

differential operator (Pg’a) defined by [107, [169, [178§]

m-1 1 d .
(P (2) = I1 << IS dz) (5" Ch)(z),  2>0,6>0,a>0, (257)
=0
[a]+1 ifaé¢ N,
m =
Q if « € N,
where
1Ty — 1)1yt (5t - -
o J (0= 1) p S n(zpy)dp if a > 0;
(K§h) () = " (2.58)
h(z) ifa= O,

is the Erdélyi-Kober fractional integral operator. Then the reduction of system ([2.50)

into a system of FODEs, using ([2.56)), is described by the following assertion:

Theorem 2.3. The similarity transformations u(z,t) = t’%af(z) and v(z,t) = t’%ag(z)
with the similarity variable z = xt~35 reduce the time fractional Ito system (2.50)) into the

following system of nonlinear FODEs:
9(2) f'(2) +3f () f'(2) + (),
f(2)g'(2) + 9(2) ['(2),

N
)
T
w8
Q
S~
N——
—~
N
~—
I

(2.59)

7 N
R
e T Qe
w\g‘
5 -
K
~~
—~
N
SN—
I

where (Pg’a) is the Erdélyi-Kober fractional differential operator defined by (2.57) and

259).

Proof. Before calculating 0fu, first let n — 1 < o <n (n=1,2,3,...) then the definition

of Riemann -Liouville fractional derivatives ((1.19) gives the following:

o = o lf(l) /Ot(t — s)"alsgaf(xs‘o‘a)dsl . (2.60)

otm n—ao

Let p = é, then the above expression is transformed into the following;:

o —ﬁ ﬁ > o n—a—1 7(n75—"+1) a
= o [F(n—a)/1 (p=1)" " f(eps)dp| (2.61)
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In view of the definition of Erdélyi-Kober fractional integral operator, it can be written

as follows:
o o n—— Son—a
ofu= o [t (/c3 f) (z)} . (2.62)
For further simplification, considering ¢(z) € C'*(0, o) for z = x¢t~5 implies the following:
0 -\ a4, a d
L) =t (Z2) 3 — 2 w0, 2,
() =t ()5 = 52 02) (2.63)

Therefore, (2.62)) takes the following form:

o n— 5o 172?",n7a o an—l 0 n—‘%‘)‘ 172?0‘771,70(
o | F (K5 F) @) = g L’% (1% (e f)(z)ﬂ’

n—1 2
P foe () (e )

~ ot

Continuing in this manner leads to the following:

om n_ba 1—2?‘)‘7n—a _ ,_5a n-l 5% . a d 1—2?‘)‘771,—01
atn{t <K3 f)(z)}— H<1_3+J_3ZC12> (Ks f)(z)a

(2.65)
using the definition of Erdélyi-Kober fractional differential operator. So, the required
differential is as follows:

oo =t~ % <7>§ T f) (2). (2.66)

Analogous to the result obtained above, the following result can also be concluded

ofv = % ('Pi_3 ag) (2). (2.67)

o

In the case « =n =1,2,3, ..., for z = 2t~ 5 we have the following:

n n—1
oo — 0 _on 0 [ 0, 2

S ) = s | ),

(2.68)

Csa o 5n . n d
==t H<1—3+y—3zd>f(2),
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Similarly, for « =n = 1,2, 3, ..., the following holds:

1-52 p

v = s (73 s g) (2). (2.69)

3
n

Hence, the expressions (2.66)) and (2.67) hold for n —1 < a < n. The result (2.59)) of the

theorem follows. ]

2.4.1.2 Conservation laws
The formal Lagrangian for system ([2.50) can be written in the following form:
L = p(z,t)(0]u — 3uuy — vy — Uggy) + q(x, 1) (07 v — uv, — vuy), (2.70)

where p(z,t) and q(z,t) are the new dependent variables.

Using ([2.40)), the adjoint equations can be obtained as follows:

oL
< = FT = (DI)'p + 3ups + pva + vps + 06 + P = 0,
(2.71)
oL _ ., oy
5o = F5 = (D})'q = puy + ug, = 0.

For nonlinear self-adjointness of system ([2.50)), the equations (2.71]) must be satisfied for

all solutions of (2.50)) after the following substitutions:

p = ,1101(1'7 t’“) U)? q = ¢2(x’t7 u? U)? (2'72)

satisfying ¢; # 0 for at least one i (i = 1,2). The derivatives of (2.72)) are of the following

forms:

Pz = Y1z + V1uUy + V1005,

G = Yoz + V24 Uy + o Vs,

Paze = Vlgae + 61 u0aliaVe + 301 uunVatlh + 3U1uullalas + 301 uliaVl + 301w (UgVsg + Vallzg)
+ 31,00 V2Vzz + 31 220Vz + 3U1 zaulle + 3euliee + 3V120Vee + V1 ulzze + V10Vece

+ 3¢1,xuuu§ + 3¢zvvvi + wl,uuuui + ¢17UUUU27

(2.73)
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The nonlinear self-adjointness conditions can be given as follows:

oL
— = M (0fu — 3uu, — vy — Upgy) + A2(00 — uv, — vuy), (2.74)
ou

and
SL
— = A3(0fu — Buuy — Vuy — Ugys) + (00 — uv, — vuy), (2.75)
ov

where \; (i = 1,..,4) are undetermined coefficients. Therefore, using (2.72)) and (2.73)) in

both the above equations, these conditions take the following form:

(DY) 1 + (Bu+v) (Y12 + V10Us + V100z) + V001 + 0 (Va0 + Yoyl + V200s) + V1 sas

+ 61 e thaVs + 31w Ualsy + 31 uullalas + 301 wtiaVs + 3010 (UaVse + Valise) + 301 w0l Van
+ 301 a0V + 3V arulle + 3Wauliar + 3U1 20Uz + VLullzze + V1 0Vsrs + 31wty + 3Prunt;

+ wl,uuuui + wl,vvvvi = )\1 (u? - Buux — VUyg — uwxaz) + )\2 (Ug — UVy — qu)a
(2.76)

(D) g — Y1y + u (Vo5 + Yo yly + P2,0s) = As(uf’ — 3utly — Vg — Uy ) + Aa(v) — uv, — vuy).
(2.77)

Equating the coefficients of various derivatives and powers of u,v in , and

solving simultaneously, the solution is obtained as follows:

N=0 (i=1,234),
(2.78)
Uy (z,tu,v) = pla,t) =0, oz, t,u,v) =q(x,t) = A,

where A is an arbitrary constant. Hence, the Ito system ([2.50)) is nonlinearly self-adjoint.

For generators, (2.52), the characteristic functions are of the following forms:

2 t 2 t
Wl =—-u-— Eux — —uy, Wi= 3V - gvx — =,
@ (2.79)

Wy = —u,, WZ=—uv,.
Using the adjoint variables in (2.78) and choosing A = 1, the conserved vectors are as

follows:
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The z-components C7 corresponding to vector fields V; (i = 1,2) in (2.52)) are calculated

as below:
2 T t 2 T t
CY=v (u + —u, + ut) +u (v + su + Ut> ;
C5 = vu, + uv,.
The t-components C! for vector fields V; using (2.48)) are of the following forms:
Case 0 < a < 1:
2 1
O} = —317"(0) = 51" (0) = 1} "(tw),
@ (2.81)
Ch = —I'""*(v,).
Case 1 < a < 2:
2 1
O = =2 Dp!(v) = 5077 (v,) — — D77 (1),
3 3 «@ (2.82)

Ct = —D* (v,).

2.4.2 Time Fractional Coupled Burgers Equations

This subsection is devoted to the invariant analysis of the fractional coupled Burgers
equations [I60]. The Burgers equation of fractional order describes the physical processes
of unidirectional propagation of weakly nonlinear acoustic waves through a gas-filled pipe
[7]. The time fractional coupled Burgers equations are as follows:

O/ U = Uy + 2utly — (UV),,

(2.83)

O = Uy + 200, — (),

2.4.2.1 Symmetry analysis

The invariance of (2.83) under the group of transformations (2.2)) results in the fol-

lowing invariance criterion:

[ — 0™ = 2(nug 4+ un®) + (ug® + vn® + v + ous)]|Esy =0,
(2.84)

6% = ¢™ = 2(¢v, + v9%) + (ud” + vn® + N, + Pu,)]|@s3 = 0.
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Then using all the prolongation formulae and equating the coefficients of various mono-
mials in terms of derivatives of u,v and its powers, the set of determining equations can
be obtained. Solving these equations, it can be proved that the following assertion holds:
Theorem 2.4. The coupled Burgers equations admit the Lie group of transforma-
tions with the following infinitesimals:

c1T cit ucy el
E=—+4c, T=—, N=——7 and ¢=—

— 2.
2 o 2 27 (285)

where ¢y, co are arbitrary constants along with the Lie algebra spanned by the following

vector fields
pooto to ud vd
YT 20z adt 20u 200 (2.86)
) .
VQ—%-

Corresponding to the vector field V, the resulting auxiliary equations are as follows:

Solving these equations, the following similarity solutions are determined:
z=at"%, wu(z,t)=t"2f(2) and v(z,t) =t 2g(z), (2.87)

such that the reduction to system of FODESs is given by the following theorem:

Theorem 2.5. The similarity transformations u(z,t) = t=2 f(2) and v(z,t) = t"2g(2)
with the similarity variable z = vt~ reduce the system (2.83) into a system of nonlinear
FODEs as follows:

(P
(P

Proof. Similar to proof of Theorem [2.3] O

3

wfg

’af) (2) = f"(2) + 2f () f'(2) = (9(2) f'(2) + f(2)d'(2)),

(2.88)
’ag) (2) = ¢"(2) +29(2)d'(2) = (9(2) f'(2) + f(2)d'(2)).

3

|3

1—
2
@
1—
2
«
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2.4.2.2 Conservation laws

The formal Lagrangian for system ([2.83) is of the following form:
L = p(x,t) (07U — Uze — 2ut, + (uv),) + q(x,t) (07v — Vg — 200, + (uv),) .  (2.89)

The associated adjoint equations are obtained as follows:

oL . ays
so=F= (D) + (2u +v)ps + vqe — Paw = 0,
(2.90)
L
= Fy=(D})"q+ (2v + u)qy + upy — Guz = 0.

The self-adjointness conditions for the system ([2.83)) are as follows:

L
Ju
L
v

= M (07U — Uy — 2utty + (uv)y) + A2(05V — Vgy — 200, + (uV),),
(2.91)

= A3(00 U — Uy — 2utty + (uv)y) + A (050 — Vg — 200, + (uv),).

Consequently, substituting ([2.72)) and its derivatives in (2.91]) gives the following expres-

sions:

(Dta)*d)l + (2U + U) (¢1,a} + Qybl,uuac + wl,vvx) +v <¢2,x + wZ,uux + ¢2,vvm)
- (¢1,CD$ + 2¢1,xuuz + 2¢1,$vvw + wl,uuui + ¢1,uua::v + 21/}1,uvua:v$ + ¢1,vvv§ + 77Z)1,11Uzw)

= M (05U — Uy — 2uty + (u0)y) + A2(05V — Vg — 200, + (wv),),
(2.92)

(D?)*w2 + (QU + U) (wlx + wQ,uux + ¢2,u%) +u (wl,x + wl,uux + wl,vvx)
- (Q/}Q,cm: + 2¢2,zuuz + 27/)2,:1:1)”:1: + q/)Q,uuu?g + Q/)Q,uuxx + 2¢2,uvuxvm + Q/)Q,vvvz + ¢2,vvxz)

= M3(00 U — Uy — 2uuy + (u0)y) + A (050 — Vpp — 200, + (u0),).

(2.93)
Solving (2.92) and (2.93)) simultaneously, leads to the following solution:
)\1:>\2:/\3:)\4:O,
(2.94)

p:¢1:A7 q:¢2:Ba

where A and B are arbitrary constants. Hence, proving the nonlinear self-adjointness of

the system ([2.83)).
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For the adjoint variables p,q in (2.94) with A = B = 1, the conserved vectors are
obtained as follows:
The z-components C¥ corresponding to vector fields V; (2.86) are calculated in the fol-

lowing form

C"”—2(+)<u+x LAV >+( +0p) + = (U + )+t( + Vat)
1 =2(u+v 5 2uz aut 5 2% aUt Uy T Vg 2Um Uzz auzt Uzt ),

C5 =2(u+v)(ug + V) + Uy + Vg
(2.95)

The t-components C! are obtained in the following forms:

Case 0 < a < 1:

X

O = — (1) + 1) = (1) + 1 (0a)) =~ () + T (0w),

Cé = _Itl_a(uz) - ]tl_a(va:)'
(2.96)

Casel < a<2:

T

O = — 5 (Dp~ ) + D (0) = S (D5 ) + D () — (D5 (1) + D5 (1)),

Oy = —Df (ua) — D (v),

(2.97)
where the characteristic functions are as follows:
t t
Wll :—%—gux—*Ut, Wf:_g_gvz_ivta
@ @ (2.98)

1 2
W2 — —’U/x, W2 - _Ul"

2.4.3 Time Fractional Coupled KdV Equations

The coupled KdV equations [56], 175] have been studied for many decades because of
their immense applications in various fields. The fractional KdV equation can be used
to estimate the effect of the higher order of the dispersion of the regular KdV equations

to increase the amplitude of the soliton [51]. The time fractional coupled KdV equations
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are considered in the following form:

O'u + 6auu, — 6vv, + Ay, = 0,

(2.99)
Oy'v + 3auv, + avye, = 0.
2.4.3.1 Symmetry analysis
The application of Lie group theory gives the following invariance condition:
(7" + 6a(un® + nu.) — 6(ve” + Gv.) + an™]|@om) = O,
(2.100)

(0™ + 3a(ug” + nu,) + ad™"]| gzg) = 0.

Using the formulae for extended infinitesimals and equating coefficients gives the deter-

mining equations. Solving those equations, it can be proved that the following theorem
holds.

Theorem 2.6. The derived Lie symmetries of fractional system (2.99)) are as follows:

3cit
E=cr+c, T= %, n=—2cu and ¢ = —2cv, (2.101)

c1, ¢ being arbitrary constants. Hence, the corresponding Lie algebra is generated by the

following vector fields:

N2 )
a .
Va e

Solving the auxiliary equations for vector field Vj, it can be shown that the following
theorem holds:

Theorem 2.7. The similarity transformations u(z,t) = t_%af(z) and v(z,t) = t_%ag(z)
with the similarity variable z = xt~35 reduce the system (2.99)) into the following system
of nonlinear FODEFEs:

(o
(

where (735’a) is the Erdélyi-Kober fractional differential operator.

ba
3 «

“F) (2) + 6af (2)1'() = 69()g' () + af () =0,

,

(2.103)

5

wfg

9) (2) +3af(2)g'(2) + ag"(2) =0,

Proof. The proof is similar to Theorem [2.3] O]
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2.4.3.2 Conservation laws

The formal Lagrangian is of the following form:

L = p(z,t) (0fu + 6auu, — 600, 4+ aUyy,) + q(x,t) (Ofv + 3auv, + avye,) . (2.104)

The adjoint equations are obtained as follows:

oL
@ - Fl* = (D?)*p + 3(1(1% - 6aup:c — APzxx = 07

o (2.105)
v by = (Dy)"q + 6up, — 3auq, — 3aqu, — auze = 0.

Here, the self-adjointness conditions can be written in the following form:

0L

— = M (0 u 4 6auu, — 6V, + Alger) + Ao (07 + 3auv, + aV4y),

ou (2.106)
oL '

— = A\3(0]'u 4 6auu, — 6V, + AUger) + Ag(07V + 3auv, + AV ).

ov

Consequently, the following expressions must hold:

(D)1 + Baghavy — 6au (V10 + V1 utle + ©100:) = @ (Vi azr + 601 wustiats + 301w vati?)

— @ (3¥1uutiatias + 3Vt uottzt? + 301 a0 (UaVrs + Vrtla) + 301 0uVsVas + BV zeVs + 31 arutla )
—a (3¢1,xuum + 3U1 20Uz + V1 uloee + V1,0V02z + 3¢1,xuuu;2¢ + 3¢1,xvvvi + ¢1,uuuui + wl,vvvvi)

= M (0 u 4 6auu, — 6V, + AUges) + Ao (050 + 3auv, + aVzss),

(2.107)
(D?)ﬂﬂg - 3a¢2uz + 6U (’l/}l,fb + wl,uuaz + wl,vvx> - 3au (wQ,x + wQ,uum + w2,vvx)

—a (wQ,ICCQS + 6w2,uvxuxvx + 3w2,uuvvxug23 + 3w2,uuuxumﬁ + 3w2,uvvuxvg + 3w2,uv (uxvxa} + Uxuxx))
—a (377Z}2,vvv:(;vxx + 3¢2,xazvvx + 3¢2,x:cuux + 3¢2,xuua:x + 31/12,901)%:(: + wQ,uuxxx + wQ,vaxa:)
—a (3¢2,xuuui + 3@/)2,95@1;1}3 + ¢27uuuui + ¢2,vvvvg)

= A3(0]'u 4 6auu, — 6V, + aUger) + A (05 + 3auv, + avpyy).
(2.108)

Solving the expressions given above, we have the following solution:

p=A, q¢q=B, (2.109)
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where A, B are arbitrary constants. Therefore, the coupled KdV system ([2.99)) is nonlin-
early self-adjoint.
Using the adjoint variables given by (2.109)), along with choosing A = B = 1, the

z-components CF of conserved vectors for V; in (2.102) are obtained as follows:

3t 3t
Cy = —6au (2u + zu, + ut) —a <4(um + Vpr) + T(Upgr + Vaze) + — (Uger + vmt)>
o «

3t
+ (—3au + 6v) <2v + zv, + vt> ,
a

Cg = —6auux + (61) — 3CLU)U95 - G(Uxm: + Umx:p)-
(2.110)

The ¢-components C! can be calculated in the following forms:
Case 0 < a< 1:

5 (10 (1) + I (t0,)),

C1 = =201 () + 17 (0) = (I, (wa) + I (v)) — —

C’; = _]tl_a(ux) - Itl_a(vx)'
(2.111)

Casel < a<2:

Ot = —2(DE () + D (1)) — 2(DE () + DEH(v,)) —

=

Dy (tue) + Dy (tvy),

Cy = =D (ug) — DF ™ (vs),

(2.112)
where the characteristic functions are as follows:
3t 3t
V[/'l1 = —2Uu — TU; — —Uy, W12 = —20 — 2V, — —,
@ @ (2.113)

1 2
Wy = —u,, W5 =—v,.

2.4.4 Time Fractional Hirota-Satsuma Coupled KdV Equations

The Hirota-Satsuma system [177] was proposed by Hirota and Satsuma [84] to describe
the interaction of two long waves with different dispersion relations. Its generalized
form has many applications in various branches of applied sciences and time fractional

generalized Hirota-Satsuma coupled KdV system has been studied [I8|, [139] using various
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methods. In this study, the considered time fractional Hirota-Satsuma coupled KdV

equations are as follows:

1
O — o Uazz ~ 3ut, — 3(—v? +w), =0,
1
ofv + 5 Vaza + 3uv, = 0, (2.114)

1
ofw + Ewmx + 3uw, = 0.

2.4.4.1 Symmetry analysis

The invariance criterion obtained from the group invariance of system (2.114)) is as

follows:
1
[ = ™ = 3(un” 4 uz) = 37 = 200, — 206%)]|@m = 0,
1
[(ba,t + i(ﬁmm + 3(u¢x + 77%5)” — 07 (2115)

« 1 xxrx X
[ 4 59" + 3(ud” + nw.))| g = 0,
for the symmetry generator X = £0,+70; +n0,+ ¢0, +10,,. Substituting the expressions
for prolongations into (2.115) and comparing the coefficients of various powers and the

derivatives of u, v, w gives the determining equations, whose general solutions prove that

the following theorem holds.

Theorem 2.8. The Lie symmetries of system (2.114) are obtained as follows:

3cqt
§=cr+c, T= %, n=—2cu, ¢=—2cv and P = —dcyw + cst**, (2.116)

where ¢y, co, c3 are arbitrary constants. Hence, the corresponding Lie algebra is generated

by the set of following vector fields:

0 3to 0 0 0
Vi= or  aot 2u0u B 2U8@ B 4w0w7
0
2.117
0
_ qa—1
Vs =1 ow’
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The solutions of the characteristic equations corresponding to the vector field V; reduce
the system (2.114)) into a system of FODESs presented in the following theorem:
Theorem 2.9. The similarity transformations u(x,t) = t5 f(2), v(z,t) = t~5 g(2)

and w(z,t) = t~5 h(z) with the similarity variable = = xt~5 reduce the time fractional

system (2.114)) into a system of nonlinear FODEFEs in the following form:

(P50 (2) = 37 = 3 £)(2) + 6(99)(z) = 30(2) =0,
(PL59) () + 50"(2) +3(49)(2) =0, @119
(PE %) (o) + JHY(2) 4 3(FH)(z) = 0.

Proof. Similar to proof of Theorem [2.3 O

2.4.4.2 Conservation laws

The formal Lagrangian can be written as follows:

1 1
L =p(x,t) <8§‘u — Zumx — uu, — 3(—v? + w)x) + q(z,t) (Gf‘v + ivxm + 3uvx)

1
+ 7(z,t) (@aw + —Wypr + 3uwx) )

2
(2.119)
The associated adjoint equations are obtained in the following forms:
5. = F = (D) p + 3up, + 3qu, + 3rw, + o Paae = 0,
oL 1
5, = 15 = (DY)'q = 3uge = 3quy = 60py = Sae = 0, (2.120)
v
oL 1
Sw F; = (D) r 4 3p, — 3ru, — 3ur, — oTazs = 0.
Let us assume the following expressions:
p:@/Jl(.I,t,’UJ,U,w), q:¢2(x7t7uavaw)a 7“:77/}3(1',t,u,1),w), (2121)

For nonlinear self-adjointness, substitute (2.121]) in the self-adjointness conditions given

by
5L

S =)\ <6t U= U — Sut, — 3(—v? + w)x) + Ag <8t v+ o Vasa + 3uvx>

@121)
1
+ A3 <8§‘w + iwmx + 3uwx> ,
(2.122)
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oL 1 1
— =)\ (8fu — Uy — Ul — (V7 + w)z> + A5 (8?@ + ~Vpgs + 3uvx)
o |@1z0) 4 2
1
+ X (wa + §wxm + 3uwx) ,
oL 1 1
— = \; (Gf‘u — Uy — Ul — 3(—0? + w)x> + A <8§‘v + ~Vpgz + 3uvw)
dw | @1z1) 4 2

1
+ Ag (8?10 + §wmz + Suwx) )

The left-hand side of first equation in results in the following expression:

(D)t + 30 (bt + Wb 105) Bt B+ (s + 301t

+ — (3V1 220V + 3V zawWs + 3(V1 pullzr + V1 20Vzz + V1 00wWas) + V1 uUszs + U1 0Vz20 + V10 Waaa)
+

(6¢1,ukumvwww + 6(¢1,$uvua:vac + wl,wivxwm + wl,xuwuzwx) + 3¢17uuvuivx + Swl,uuwuiw:C)
+3(

3<¢1,uvvumvi + wl,uwwumwi + wl,vvwviwm + wl,vwwvmwi) + 6(¢1,zuuu§ + 1/“,11}1)“5 + ¢1,mwww§))

e i Y Y

+ Z (wl,uuuxu:vx + Swl,vvvxvx:ﬂ + Swl,wwwwwxaﬂ + Swl,uv (ua:vmx + u:px”m) + 3w1,0w<vxw:m: + Umxww)>

1
+ Z (3w1,uw (u:pw:m: + umxwx> + z,bl,uuuuggg + wl,vvvvg + wl,wwwwi> .

(2.123)
Similarly, the left-hand sides for second and third equations of (2.122)) can be expanded.

Solving all three resulting expressions altogether, the obtained solution is as below:
p=A4, g=r=0, (2.124)

where A is arbitrary constant. Hence, proving the nonlinear self-adjointness of the Hirota-

Satsuma system ([2.114]).

For vector fields (2.117]), the characteristic functions are written as below:

3t 3t
W! = —2u—au, — —u;, Wi=-20—av, — —v, W}=—4w—azw, — —wy,
o a a
W, = —u,, Wi=—v,, W;=—w,,
Wi=0  Wi=0, Wi=t>"
(2.125)

Using p = A =1, ¢ = r = 0, the xz-components C7 corresponding to V; in (2.117)) are
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obtained as follows:

3t 1 3t 3t
C:f = SU’ <2U’ + LUy + ut) + n <4uma: + TUgzy + ua}xt) - 6U <2U + LUy + Ut)
o' 4 « «a

3t
+3 <4w + zw, + wt) ,
«

1
Cy = 3uu, + Zumx — 6vv, + 3w,

Cr = —3t1,
(2.126)
The ¢-components C! are obtained in following forms:
Case 0 < a < 1:
3
Ct = =21 %(u) — oI} *(uy) — =1 *(twy),
a (2.127)
Cy = —1""(u,), C3=0.
Case 1 < a<2:
3
Ct = _2Dt°‘_1(u) — tho‘_l(ux) — *D?_l(tut%
a (2.128)

Ct=-D¥'(u,), Ct=0.

2.4.5 Time Fractional Coupled Nonlinear Hirota Equations

The well known Hirota equation has many applications in physics like propagation of
optical pulses in liquid crystal waveguide and single mode fibers [14, 23]. The time frac-
tional coupled Hirota system has recently been studied for its approximate solutions with
HAM [14]. The time fractional coupled nonlinear Hirota equations under consideration
are as follows:

PP + Pazz + 6 (I + [a]*) pr = 0,
(2.129)

0P + Quaw + 6 (Ip* + lg?) g2 = 0,
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where p(z,t), q(z,t) are complex valued functions. Assume that p = u+w and ¢ = w+iz
then system corresponds to the following system of equations:
O+ U + 6 (u? + 07 + w0 + 27) 1, = 0,
O + Vg + 6 (u? + 07 + w0 + 22) vy = 0,
(2.130)

OFW + Wae + 6 (0 + 07 + 0’ + 2%) wy = 0,

8fz—|—zmx+6(u2+1)2+w2+22) z, = 0.
2.4.5.1 Symmetry analysis

The following invariance criterion for the system can be obtained:
[t 4 7+ 67 (u? + 0%+ w? 4 27) + 120, (un + v + wi + 20)]|gTm) = 0,
(@™ + 6™ + 607 (u? +v* + w® + 2%) + 120, (un + ve + wib + 20))| gz = 0,
[t 4 ™% 4 G (u2 + 0?2+ w? + 22) + 12w, (un + vé + wip + 20)]|@1s0) = 0,

[ + 67 4 657 <u2 + 02+ w? + 22> + 122, (un + v + wi + 20)]| @) = 0,
(2.131)

for the symmetry generator X = £0, + 70; + 10y + ¢0, + 10y, + 00,. Inserting the
prolongation expressions in (2.131) and then equating the coefficients gives the set of
determining equations. The solutions of the determining equations are described by the

following theorem:

Theorem 2.10. The Lie symmetries of time fractional system (2.130]) are as follows:

c1x cit c1u Cc1v
§=—F+c, T=—, N=——FF+avtawt+cz, ¢=—cu—— +cw+crz,
3 « 3 3
clw C1z
w:—c4u—cﬁv—7+cgz and 5:—C5U—C7U—ng—?,

(2.132)

where ¢; (i =1,2,---,8) are all arbitrary constants. Hence, the corresponding Lie algebra
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is generated by the following vector fields:
x0 tod wd wvd wad z0

m:%ax+aat_a3mg3m_3&u_3az’

sz%, ngva—u%,

szi—uai, %:zi—ui, (2.133)
vﬁw%‘z-v%, vaf"_j

=25, " s

For vector field V1, the solution of the characteristic equations yields the following asser-

tion:

Theorem 2.11. The similarity transformations u(z,t) = t=5 f(0), v(z,t) = t=5g(0),
w(z,t) =t75h(0) and z(x,t) = t~5k(0) with the similarity variable § = xt~5 reduce the

system (12.130]) into the following system of nonlinear FODFEs:

< 1—43“7af> () + f"(0) + 6/ (0)(f* + g* + h* + k*)(0) = 0,

Qlw

(PL¥%9) )+ 4"(6) + 64 O)(1* + ¢* + b* + k2)(6) =,
" (2.134)
(PLFR) (6) + H(6) + 6 (O)(f* + ¢* + * + )(9) =0,
(PLFk) (0) + k7(6) + 6K (0)(* + g% + i+ K)(6) =0,
where <P§’a) is the Erdélyi-Kober fractional differential operator.
Proof. The proof is similar to the Theorem [2.3] m

2.4.5.2 Conservation laws

The formal Lagrangian for system ([2.130)) is of following form:
L = A(x,t) (3f‘u + Uggy + 6(0” +0° + 0 + 22)%) + B(x,t) (8?1) + Vg + 6(u? + 0% + w? + 22)%)

+ C(x,t) (8f‘w + Wege + 6(u? + v + w? + zz)wm> + P(x,t) (8?2 + Zgwe + 6(u? + 0% + w? + 22)7;33)
(2.135)

where A, B, C, D are the adjoint variables.
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Therefore, the adjoint equations are obtained as follows:

L
gu = F} = (DY)*A — Appe — 6A.(u? + 0 + w? + 22) + 120, (uB — vA) + 12w, (uC — wA)
+ 12z, (uP — zA) = 0,
oL * a\* 2 2 2 2
50 F} = (D})*B — Bygy — 6B, (u” + v° + w” + 27) + 12u, (vA — uB) + 12w, (vC' — wB)
v
+ 12z, (vP — 2B) = 0,
oL . « 2 2 2 2
Su F; = (D7) C — Crpw — 6C,(u” 4+ v° + w” + 27) + 120, (wA — uC) + 120, (wB — vC')
w
+ 12z, (wP — 2C) =0,
oL . anE 2 2 2 2
5, = F; = (D)"P — Py — 6P, (u” + v° + w” 4 27) + 12u,(2A — uP) + 12v,(2B — vP)

+ 12w, (2C — wP) = 0.
(2.136)

For nonlinear self-adjointness of (2.130)), assume the following expressions:

A=Y (z, t,u,v,w,2), B=1s(x, t,u,v,w,2), C=s(z,t,u,v,w,z), P =1zt uvw,z).

(2.137)
Their derivatives can be obtained in the following forms:
Ay = V15 + U1y + V100 + U1 We + Y122,
By = 15 + o Uy + 1o Uy + o Wy + 1o L2,
Oy = P34 + V30Uy + U3,V + V3 Wa + V3224, (2.138)

P:I: = 1/14,95 + w4,uu:c + w4,vvx + ¢4,wwx + w4,zzac7

Substitute (2.137]) and (2.138]) in the self-adjointness conditions of the following form:

5£
ou

=\ (atau + Ug + 6(u? + 0% + W + z2)ux) + Ao (8tav + Vgae + 6(u? + v* + w* + 22)%)
+ A3 (8f‘w + Wage + 6(u? + 02 +w? + 22)wx) + M\ (8?2 + Zoga + 6(u? + 0 +w? + 22)zx) ,
(2.139)
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oL
— =\ <8au+umz—|—6(u + 02+ w? + 22 ux)—l—)\G <8§‘v—|—vxm+6(u2—|—v2+w2+22)vx)
ov | @137)

—I—)\7(af‘w+wxxx+6(u2+vz+w2+z wx)+)\g(8°‘z+zmx+6(u +vP 4w +z)zx)
oL N
— —Ag(a U+ Ugzy + 6(u? + 0% + w? 4 22 ux)+>\10(8 V + Vggg + 6(u? + v + w? + 22 vx)
dw | @137)

+/\11(0 W+ Wage + 6(u + 0% + w? + 22 wm>+/\12(8fz+zmx—|—6(u2+02+w2+z ZI)
L N
— )\13<8 U+ Ugge + 6(u? + 02 +w? + 22 um)+/\14(8 U+ Vgge + 6(u? + 07 + w? + 22 Uz>
0z @137

+ A5 (8aw+wmx—|—6(u + v 4w+ 2 )wz) + g (8o‘z+zxm+6(u + 0% +w? + 22 zx>
Consequently, the left hand side of 1st expression in (2.139) can be written as follows:

(D) 1 — 6(u” + 0% + w? + 2%) (Y10 + Y1ute + V1000 + V1wWe + ¥1,220) + 120, (uthy — viy)

+ 12w, (wihy — wipy) + 122, (uthy — 201) = V1 gz — 30102 (WaZoz + WarZe) — Yt uually — V100005

— V1 wwwWy — P1,22220 — (110w UaWaZa + V1 uvsUaVaZe + Yl uws UaWaZe) — 31w (UgWaa + Uz Wy)
= 3(Y 1000wz + VL puutts + V1auVs + P1a2222) — 3(Wezulls + VieeeVe + YlzswWe + V1 saz20)

— 3(V1 puller + V1 g0Vsz + V1 gwWaz + V1 22%22) — V1uUzz0 — V1,0V220 — V1 wwwWaze — Y1220

— 301,00 (VaWag + VagWa) — 31 0 (UaVsz + UsaVa) — 3U1 0z (U Zaz + UseZa) — 301,02 (Vo Zar + Voo Za)
— 301,02 (Vo Zaw + VawZe) — 3(Vuulalisr + V10002000 + YuwwWaWas + V1 2220 %00) — 31 yuwls Wy

— 31 oW — 31wz WaZs — 61 guwlaWe — 61 gpuwVaWs — 611 zuwzWeZe — 3 uwutia W

— 31yl Wy — 3w WizZe — 611 guvliaVs — 611 guzlipZe — 61a0:00% — 311 upstia V)

- 377D1 uzzux 3,¢)1 uuvuzvx 3,¢}1,uuzuizx 3% vvzv Be — 3¢vzzvx
(2.140)

Similarly, the expanded expressions can be obtained for remaining three equations in

(2.139)). Solving all the resulting expressions simultaneously, gives the following solution:
A= =0, B=1»=0, C=13=0, P=14=0. (2.141)

Therefore, the system (2.130]) is not nonlinearly self-adjoint. Further, the conserved

vectors for the vector fields ([2.133)) are calculated.
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Vector field V;

For vector field Vi, the characteristic functions are of the following form:

u t v x t
2
= — — —Uy — — Uyt Wi =-—-v,— —u
3 3 a 3 3 ’
w T t A t
3 4
Wy = ——-w, — —wy, Wi=2-——-2,——%.

3 3 a 3 3
The x component of conserved vector is obtained in the following form:

Wy
(2.142)

CF =W} (6A(” +v* + w” + 2°) + D3(A)) — Do(W})Da(A) + ADI(W})

+ WP (6B(u? + v* + w? + 2%) + D2(B)) — Do(W})Dy(B) + BDX(W7Y)
(2.143)
+ WP (6C(u? + 0 + w? + %) + D2(C)) — Do( W) Do(C) + CDAWY)

+ Wi (6P(u? + 0 + w? + 2%) + D2(P)) — Do(Wi) Do P) + PDA(WY).

The t components are calculated as follows:

Case 0 < a < 1:

1 . T 1 0o 1 4.
O = A=) = S17(w) = 17"t | + TV, Di(4)
1, T 1 o 1 4.
B |3 I70(0) = S0 0) = 10| + JWE D(B))
1

[ —a T rl—a 1 —a
4O |5 h o w) = S0 w) = 10 (tw)| + IV, DAC))
1

[ T 1
+ P —3 L (2) — gftl_a(zx) - &Itl_a(tzt)} + J(W, Dy(P)).

(2.144)

Case 1 < a < 2:
Cl=-A (Da_l(u) + 2 Do () + 1Da_1(tut)) + A, (112—“(u) I e(y,) + 112_0‘(tut)>
1 3 t 3 t o t 3 t 3 t o t

1 1 1
DL (v) + gpgfl(vx) + anl(mt)> 4B, (Sffa(u) + glf*a(vm) + a[f“(m))

1
(5

_c (1Da1(w> + L Dot (w,) + 2D (tuw )+ (1 20 () + L2, 4 120t )
37t 37t T ! "3t 37t T !

1 x 1 1 €T 1
gDg-l(z) + ng‘_l(zx) + aD?_l(tzt)> + P, (3 270() 4 ST (zy) + a[f_o‘(tzt)>

3 t
— J(W}, Ay) = J(WE, By) — JW?, Cy) — J(WY, Py).
(2.145)
Vector field V,

In case of vector field V5, we obtain the following characteristic functions:



Chapter 2. Time Fractional Nonlinear Systems of Partial Differential Equations 64

The x components can be calculated as follows:
C5 = —u, <6A(u2 + 02 +w? + %) + Am) + Aptlgy — Algpy — Uy (6B(u2 + 02 +w? + 2%) + Bm)
+ BuVgy — BUyze — w, (6C’(u2 + i+ wr+ 2+ C’m) + Croyy — CWysy

— 2 (GP(u2 + v+ w? 4 2%) + PM> + Pozoy — P2ypa.
(2.147)

The t components are obtained in following form:

Case 0 < a<1:

Ch = —A[tl’o‘(ux)—J(ux, At)—BItl’O‘(vx)—J(vx, Bt)—w[tlfa(ux)—J(wz, Ct)—P]tl’a(zx)—J(zm, P,).
(2.148)
Casel < a<?2:

Ch = —ADY Y(u,) + A2 *(uy) + J (g, Ay) — BDY Y (v,) + B IZ*(vy) + J(va, Bir)

— CDY Y wy) + CIF*(wy) + J(we, Cy) — PDY 1 (2,) + PIF*(2,) + J (24, Pa).
(2.149)

Vector field V5

Here for vector field V3, the characteristic functions are as below:
Wi=v, Wi=-u W:=0W;=0. (2.150)

The x component of conserved vector can be obtained as follows:
C5 = v (6A(” + 0 + w? + 2°) + A ) — vp Ay + Avgy — u (6B(u” + 0 + w” + 2°) + By )

+ u, By — Bug,.
(2.151)

The t components are calculated as follows:

Case 0 < a < 1:

Ch= AI}*(v) + J(v, A)) — BI}=*(u) — J(u, By). (2.152)
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Casel < a<2:

Ct = ADY Y (v) — A *(v) — J(v, Ay) — BD? H(u) + B I~ *(u) + J(u, By).
(2.153)
Vector field V,

For Vj, the characteristic functions are of the following form:
W) =w, W}=0 Wi=-u W/=0. (2.154)

The x component of conserved vector is obtained as follows:

C¥ =w (6A(u2 + v+ w? 4 2%) + Am) —wy Ay + Awg, — u (6C(u2 + 0% 4+ w? 4 2%) + C’m)

+ u, C) — Cugy.
(2.155)
The t components of conserved vectors are as follows:
Case 0 < a < 1:
Ch= AL(w) + J(w, A)) — CI}7*(u) — J(u, Cy). (2.156)

Casel < a<2:
Ch =AD" (w) — A T2 (w) — J(w, Ay) — CDP ™ (u) + 2~ (u) + J(u, Cy). (2.157)

Following the same procedure, the conservation laws for the remaining vector fields can

be easily obtained.

2.5 Conclusion

The Lie symmetry analysis for single PDEs of fractional order is extended to systems
of nonlinear time fractional PDEs in this chapter. In the present chapter, the general frac-

tional order prolongation formulae (2.14]) for time fractional systems of (141)-dimensional



Chapter 2. Time Fractional Nonlinear Systems of Partial Differential Equations 66

PDEs having an arbitrary number of dependent variables have been proposed. By deriva-
tion of Lie symmetries of three systems of FPDEs, it is proved that general form of
symmetries can be obtained using operators rather than formulae (2.16). The
proposed approach is successfully applied for symmetry analysis of five nonlinear systems
of FPDEs. The obtained symmetries have been utilized for transforming the considered
systems of FPDEs into the systems of nonlinear ODEs of fractional order. The obtained
symmetries and reduced systems of FODEs are equivalent to those obtained in case of
a = 1. Hence, the results for fractional order systems of PDEs are generalized version of
those for integer order systems. In this chapter, one vector field for each system has been
discussed for investigating the reductions, however the reductions for remaining vector
fields can also be solved. Their discussion has been avoided due to the lack of physical
importance of their results.

Also, a general approach for derivation of conserved vectors for time fractional
systems with the help of Lie symmetry method has been introduced. Using the derived
Lie symmetries for five time fractional nonlinear systems of PDEs, their conserved vec-
tors have been successfully obtained. The first four fractional systems are nonlinearly
self-adjoint, so their local conservations laws have been investigated. But, the derived
conservation laws for the time fractional coupled Hirota system are nonlocal since this

system is not nonlinearly self-adjoint.



Chapter 3

Space-Time Fractional Nonlinear
Partial Differential Equations

3.1 Introduction

In chapter [2] the symmetry approach has been extended from time fractional
PDEs to systems of time fractional PDEs. But, the symmetry method has not been
proposed for analysis of FPDEs with both space and time derivatives of fractional or-
der. However, a few authors [128] [163] discussed the symmetry analysis of space-time
fractional PDEs only considering their invariance under the Lie group of scaling trans-
formations. In this chapter, the required prolongation formulae are derived to execute
the complete group classification of the space-time fractional PDEs. Although a few
works [58, (64}, 166, 167, 187, 195] dealing with conservation laws of time fractional PDEs
can be noticed, the investigation of conserved vectors for space-time fractional PDEs is
completely unexplored. In this chapter, the Lie symmetry method is developed and a
generalization of Noether operators is presented for symmetry analysis as well as conser-

vation laws of space-time fractional PDEs.

The contents of this chapter are published in Nonlinear Dynamics, 89, 321-331 (2017).

67
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The efficiency of the proposed approach is proved using the following space-

time fractional nonlinear PDEs:
1. Space-time fractional Gilson-Pickering (STFGP) equation

Ofu + a@fu — bUglyy — Ullgey = 0, (3.1)

2. Space-time fractional generalized KdV (STFgKdV) equation

Ofu + 8510 + GCui + 18CUlLUpy + 3CUUgyy = O, (3.2)

where 0 < «, 8 < 2, a, b, c are constants. The well known KdV equation was derived from
the propagation of dispersive shallow water waves and used for modeling many phenomena
such as shock wave formation, solitons, turbulence and mass transport [35, 52, 102, 199].
The time fractional KdV equation has been discussed widely in literature by several tech-
niques [11], 13} 51], 54, 200]. Here, the fractional generalized KdV equation is considered
[43, 165] with m = 1,n = 3, and both space and time derivatives of fractional order.
Also, the Gilson-Pickering equation has some important applications in nonlinear physics
and has been studied for its behaviour and exact travelling wave solutions [37,, 57, [69].
In this chapter, the space-time fractional Gilson-Pickering equation is discussed for its
symmetry analysis and conservation laws.

The chapter is organized as follows. In Section the Lie symmetry approach
is proposed for investigating the point symmetries of space-time fractional PDEs by con-
struction of the extended infinitesimal operators. In Section [3.3] the Lie symmetries of
the STFGP equation are derived leading to its reduction into a nonlinear FODE
in terms of Erdélyi-Kober operators. Also, the nonlinear self-adjointness of the equation
(3.1]) is proved such that the conservation laws are investigated using the proposed gen-

eralized Noether operators for space-time fractional PDEs. Section is devoted to the
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Lie symmetry analysis, nonlinear self adjointness and conservation laws for the STFgKdV

equation ({3.2)). The last Section contains the conclusion of the chapter.

3.2 Lie Symmetry Method for Space-Time Fractional

Partial Differential Equations

Consider a space-time fractional PDE with two independent variables in the following

form:

F(x,t,u, 0%, 0Pu, tgy, Ugze, ...) =0, a >0, §>0. (3.3)

The admitted one parameter Lie group of transformations has the symmetry generator

in the following form:
X =&z, t,u)0, + 7(x, t, )0 + n(x, t,u)0,. (3.4)
The prolonged generator can be defined as follows:
pri®PIX = X 4+ 0™ Do + 17 g, + 1 Ousy + oo+ 1O, (3.5)

where i is the order of the FPDE (3.3). The operators 7/ are jth (j = 2,3,..) order
extended symmetry operators [24], [147] and (n®*, n”®) are fractional extended operators

defined as follows:

n™* = D (n) + D7 (ur) — Df(€ug) + D (u(Dyr)) — Dt (1u) + 7D (u),
n>* = DJ(n) + DJ(u(D.€)) — DI (§u) + D] (u) + 7D (ur) — D (Tuy),
N =De(n*) = UzeD2(§) — uzeDa(7), (3.6)

The expression for 7% in (3.6)) can be written as below:

" = Dy(n) + D} (ug) — Dy (€us) + 7D} (ur) — DY (Tuy). (3.7)
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Using the generalized Leibniz rule ([1.33]), the expression (3.7]) can be further simplified

as follows:

B, -
7 = D) - 30,055 - 3 () orntni - 3 (oo nee)

n=1 n n=1

(3.8)

Since n = n(x,t,u(x,t)), we use the formula given as follows [120], 148]:

s - S 555 () ettt

n=0 r=0
(3.9)
The expression for D?(n) is obtained as follows:
0%y 0%u on B\ 0™
D) ==+ mupg —usp D" :
:() =55+ (77 508~ 58 Ezj 5n (u) + 1, (3.10)

where
n m k-1 k1 xnfﬁ . om . anferkT/
=SB SR () ) O e e 010

Therefore, using (3.10) in (3.8)) gives that the Sth order extended symmetry operator n**
is introduced in the following form:
8 Ié] ﬁ n B n+1 B—n
= 070 + (. — D4 (€)) Ogu — udin, + Z O — DE(€)| D" (u)
1 L\n n+1
- ﬁ n B—n
n=1 n
(3.12)
Equivalently, the ath order extended infinitesimal 7®* can be written as follows [65, [66,

190]:
0t = 38 + (n — D7) u — udfn, + > KO‘> O — ( ) )Dﬁ“(f)] DI (u)
i L\n n+1
Z( ) DOl n(uw)"‘ﬂm

(3.13)
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where i, is given by

o oA\ (n) (k)1 e Lom oy
fo = ZQ 222 ¢ Kn) <m> (r)k!f‘(n —a+1) X (—u) (9757’”(“ )(%”*mauk '

n=2m=2k=2r=
(3.14)
The invariance criterion for the FPDE (3.3)) can be written as follows:
pr(a’ﬂ’i)X(A)‘ =0, (3.15)

A=0
where A = F(x,t,u, 0%u, 0Pu, Upy, Uppy, --.)-
Hence, using this extended approach, the symmetry analysis of space-time fractional

PDEs can be easily investigated.

3.3 Space-Time Fractional Gilson-Pickering Equation

In this section, the STFGP equation (3.1]) is considered for its symmetry analysis

followed by the investigation of conserved vectors.

3.3.1 Symmetry Analysis

For generator X given by {) the third order prolongation pr(®#3) X for FPDE 1}

gives the following invariance criterion:

[Ua’t + (17]6’1 - bnxuxz - buxnxz — NUgzr — Uﬁmx] =0. (316)
(5381)

By substituting the extended infinitesimals and equating the coefficients of alike partial
derivatives, fractional derivatives and powers of u, the set of determining equations can

be obtained as follows:

ftzfuzoa

Ty = Ty = 0,

aTy — BSI = 07
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T = 07

n = u(3& — an),

«Q n - « n+l__

(n) Oy (n N 1) D™ r =0, Vnel, (3.17)
5 n 6 nt+le

(n) 0Ny (n 4 1) D¢ =0, Vnel,

o'n — uoyn, + a(@fn — uafnu) — UNggr = 0.

On solving these equations, the resulting group infinitesimals are as follows:

c1x cqt 3 —
521?—!—02, T=i+03, 77:01U</86>, (3.18)

where ¢y, ¢ and c3 are arbitrary constants. Since there are fractional derivatives with
respect to both x and ¢, the invariance of the fixed lower limit 0 in the Riemann-Liouville

fractional derivative operator gives the following conditions:
E(z,t,u)|em0 =0, T(x,t,u)|i=0 = 0. (3.19)

Thus the corresponding infinitesimal generator can be written as follows:

x 0 t o 3—p3\ 0
X=—-—+—— — | = 3.20
60x+oz8t+u< 153 >3u ( )
The associated characteristic equations are as follows:
de dt du
B a U(T)
Solving these equations, gives the following similarity solutions:
_a a(3-8)
z=uat"F, u=t 7 F (3.22)

Before finding the symmetry reductions, let us introduce the right-hand sided Erdélyi-

Kober fractional differential operator [107, 128] as follows:

m

(D§7h) (2) = (H (g i+ %(i)) (TP PR (2), (3.23)

J=1
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+1 if N,
m = 4 bé z2>0,0>0,a>0,
I} if €N,

where

1
ot (1= )7 sh(zsh)ds i 8> 0,

(Z57h) () = (3.24)

h(z) if =0,
is the right-hand sided Erdélyi-Kober fractional integral operator.

The reduced nonlinear fractional order ODE is presented in the following theorem as

follows.

Theorem 3.1. The STFGP equation (3.1)) is reduced into a nonlinear FODE for o, 5 > 0

written as follows:
1—a+%(3—,3),a -8 —B,8 1 " " -
P, F)(2)+ a2 (D7"F) (2) = bF'(2) F"(2) — (FF")(z) = 0. (3.25)

Proof. By the definition of Riemann-Liouville fractional derivative, the ath order frac-

a(3-6)
tional derivative of u(z,t) =t~ 7 F(z) with respect tot forn —1 < a <n (n € IN) is

given by
om 1 t (3-5) .
804 _ 7/ t— n—a—1 75 F -5)d ‘ 5 96
t = m [F(n —a) Jo (t—s) s (xs™7) s] (3.26)
Taking w = £, it can be written in the following form:
a(3—5)
1 t?’b—a+ 7 o o )
= gt [I‘()/ (w— 1)n_a_lw(naHJr(?’ﬁB))F(zwﬁ)dw] ,
1 (3.27)
O [ napais=s) [ 1+2C8B 0 g
:W[t o (Ki ’ F)(z)],

where the operator (ICg’O‘) is defined by (2.58). The relation (3.27) is also true for a =

n=1,2,3,... because (IC§70F> (2) = F(z). For z = xt~ # and a function ¢ (z) € C*(0, c0),
the following relation holds:

d

a d
t&qﬁ(z) = _EZ&#}(Z) (3.28)

It follows that (3.27) can be written as follows:

n—1 a(3— — 2B=8) h—a
oou = gtnl ltnaur (55) o <n — a4 04(366) _ gﬂi) (/lej B F) (Z)] .

[e3
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Continuing in this manner, gives the following;:

o = ote(*5) nff <1 —a+ (3_5> +j- azd> X (ICZJrW’naF) (2),
iz 6] z =
_ ¢ote(%F) (Pi_a+(w7aF> (2), Va>0,

) (3.30)
where (735’a) is the left hand sided Erdélyi-Kober fractional differential operator defined
by .

Similarly, the Sth order Riemann-Liouville fractional derivative with respect to x can

be obtained as follows:

Pu=t 7 z7F (DIB’BF) (), VB>0, (3.31)

where (Dg’ﬁ ) is the right hand sided Erdélyi-Kober fractional differential operator defined

by (3.23]). Hence, completing the proof. O

Next step is to find the conserved vectors with the help of the obtained Lie symme-
tries. Before that the nonlinear self-adjointness of equation ([3.1]) is investigated in next

subsection.

3.3.2 Nonlinear Self-Adjointness

Here, the concept of nonlinear self-adjointness [92] is extended from time fractional
PDEs [64], [129] [167] to space-time fractional PDEs by its application to equation (3.1)).

A formal Lagrangian [91] for the FPDE (3.1)) is as follows:
L =v(z,t)(0Mu + adPu — buplye — Ullgsy), (3.32)

where v(z,t) is a new dependent variable. The adjoint equation of the equation (3.1)) is
defined by

Fr="==0, (3.33)
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where % is the Euler-Lagrange operator defined as follows:
) 0 0 0 > 0
— = _— 4 (DM DPy* -1)*D;,Dy,,..., D, ————
su = au T P 5en T P 5080 +k§( VDiuDias s Diy

(3.34)
Here (D)*, (D?)* are the adjoint operators of Riemann-Liouville fractional differential

operators D¢ and D? respectively, given as follows:

(D) = (=1)"L,;*(D}) = { Dy,

(3.35)

B * m ym—_3 my __ c B
where I}~ and [ ;”*5 are the right-hand sided fractional integral operators of order n — «

and m — 3 respectively, defined as follows:

L f(x,t) = F(nl— o) /tp E i(g’lil_nds,where n=a] + 1, (3.36)
m— 1 1 flst) _
78 f(a ) = e / (o e s, where m = [8] 41 (3.37)

Also SD;‘, SD? are the right-hand sided Caputo fractional differential operators [I57] of
order o and 3 respectively. According to (3.32)) and (3.33)), the adjoint equation of FPDE
(3.1) can be obtained as follows:
F* = (D&)*v + a(D?)*v + (3 = b) (UgVag + Upa¥s) + Uzpe = 0. (3.38)
For nonlinear self-adjointness of equation (3.1)), the equation (3.38)) must be satisfied for
all the solutions of equation ({3.1)) with the following substitution:
v=¢(x,t,u), where ¢(x,t,u)#0. (3.39)
The derivatives of (3.39) are given by
Uy = ¢x + (buu:pu
(3.40)
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Substituting (3.39) and (3.40]) in the expression (3.38)) gives the following condition for

nonlinear self-adjointness:

= M0%u + a0%u — bzt — Wlgey),

with regular undetermined coefficient \. Comparing the coefficients and solving includes

the following condition:

(b—3)¢. =0, (3.42)
which splits into the following two cases:
Case 1: b=3
In this case, the solution of can be obtained as follows:
¢=A(t)x* + Bi(t)x + C(t) and =0, (3.43)

where A;(t), Bi(t), Ci(t) are arbitrary functions of ¢ such that the following holds:

22 (CD2 A1) + 2 (CDBi(1) + (CDCi (1)) +a [A(t) (( Dix?) + Bi(t) (( Dix)| = 0.

(3.44)
The values of ({ Dfz) and ( Dfx?) depend on 3 leading to the subcases given below:
Subcase 0 < 8 < 1:

In this subcase, using the values of right-hand sided Caputo fractional derivatives (ng x)

and (SD?:ﬁ) in (3.44) gives the following solution:

Al(t) =0= Bl(t)7 Cl(t) = daq, (345)
where a; is an arbitrary constant. Then from ([3.39)), the following result is obtained:

v =a. (3.46)
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Subcase 1 < § < 2:

In this subcase, using the values of (ngx) and (ng £L‘2> in ([3.44)) implies the following:

Ai(t) =0, Bi(t) =aq, Ci(t) = as. (3.47)
Therefore, the following solution of v(x,t) is obtained:
v = asx + as, (3.48)
where as and a3 are arbitrary constants.
Case 2: b#3, ¢, =0
In this case, solution v(z,t) is obtained as follows:
U = ay, (3.49)

where ay is an arbitrary constant.
These solutions of v(z,t) are substituted in the formal Lagrangian (3.32) for the

construction of conserved vectors in next subsection.

3.3.3 Conservation Laws

In this section, the conservation laws for the STFGP equation are obtained
using the Lie symmetry generator (3.20)). The existence of fractional derivatives of both
independent variables z,t indicates the requirement of the fractional generalization of
the Noether operators. The fractional Noether operator for the variable ¢ is given by

[129, 167, 187]

ot — Ti(_ukpg—l—k(w)pf <8(f)§ ) —(=)"J (W, Dy (a(ffa )>> , (3.50)

k=0 t u) t U
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where n = [a] + 1, W = n — u, — Tu; is the Lie characteristic function for generator

X =£0, + 70 + nd, and J(f,g) is the integral defined by

J(£.9) e / /p frx;z))ga-i-l —drds, (3.51)

for any two functions f(z,t) and g(z,1t).
Equivalently, the fractional Noether operator for the component x of the conserved vector

is introduced as follows:

.= k NB—1—k k oL n m oL
C7 =) (=)D H(W)D; 7 | — (=" (W, Df 5 , o (3.52)
=0 O(Dzru) d(Dzu)
where m = [5] + 1 and J;(f, g) is the integral defined by
Ji(f,9) Tm = 5 / / =) B+l— d?“ds (3.53)
Here, for the symmetry X given by (3.20)), the function W is of the following form:
3—0 x t
p— E— - - x - . . 4
W =u ( 5 ) ﬁu Sl (3.54)

Firstly, the conservation laws are obtained for the solution (3.46) of variable v(x,t).

Substituting the Lagrangian (3.32)) in (3.52) using (3.46)) with a; = 1, the & component

of the conserved vector can be obtained as follows:

v — o (228 rsi) — Lrs i _tl—ﬁu]
o =a| (357) 2t - Gt - Lot (3.55

Also, the t component of the conserved vector is obtained in the following form:

case O < a <1

ot — K?’ ﬁﬁ ) o) — ;Jga(um) - ;Itla(tut)] | (3.56)

case l < a<?2

¢ | (3-8 a-1/y_ L a=1(,, _l a=1 (4,
c-[( - )D () = £ ) = D »]. (357
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Note that the conservation laws with the fractional components C* and C* are obtained in
terms of Riemann-Liouville fractional derivative operators and do not involve the integrals
and (3.53). The fractional conserved vectors for the remaining solutions of v(z, )
are calculated as follows:

In case of (3.48)), the x component of the conserved vector is as follows:

C* = a(axx + ag) l(?) DI () — ng,l(x%) B ;Dfl(ut)]

Thus corresponding to the constants as and ag, the linearly independent components of

the conserved vector with respect to x are given as follows:

v = 73_6 _lu—l “Hzu _t “Hu
ez = as |(257) 02w — 02 o) — L02 )

3 p . Ly o (3.59)
—a Kﬁ ) I (u) — BIJC (rug) — alz (ut)] .
T =q 73_6 B_lu—l B=1(zu —E =1y
ci=a|((50) 00w - 502w - Lo o)

For 0 < a < 1, the ¢t component of conserved vector for constant as is of the following

form:

Cl =z KT) () — ;fg—a(ux) _ ;Itl_a(tut)} | (3.61)

and the component C}, coincides with vector (3.56)).

For 1 < a < 2, the t component for as is obtained as follows:

t =g ﬂ a1y — L pa-1(y, 1 =Lty
ct=o|((50) ot - Lo - Lo o)

and the component C, is same as vector (3.57).
In case of (3.49)), the conserved vector has the following components:
case 0 < S <1

The obtained & component of conserved vector is coincident with ([3.55]).



Chapter 3. Space-Time Fractional Nonlinear Partial Differential Equations 80

case 1 < <2

In this case, the x component of the conserved vector coincides with vector .
case 0 < a <1

The ¢ component of conserved vector in this case is coincident with .

case 1 < a <2

The obtained ¢ component coincides with vector (3.57)).

3.4 Space-Time Fractional Generalized KdV Equa-
tion

In this section, the Lie symmetries and conservation laws of the STFgKdV equation

(3.2) are calculated systematically.

3.4.1 Symmetry Analysis

The invariance of the FPDE ({3.2)) under the admitted Lie group of transformations

gives the following criterion:

= 0.
62

(3.63)

no"t + nﬂ L 18cu§77‘” + 18cnuzty, + 18cuu,n” + 18cn™  uu, + 6cnuity,, + 3cu277$”}

Inserting the extended symmetry operators and equating the coefficients, the following

set of determining equations can be obtained:
&=0, & =0,
T. =0, 7,=0,
n: =0, for ¢ #0,

ary — & =0, 2n=u(3& — an),
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1
21, — 3&, + aTy + 3uny, + §u2nuuu =0, forc#0,

« 3 «Q n
(-, e

(3.64)
(i) Oy — ( g )DZHﬁ =0, Vnel,

n+1
A — udn, + a(8n — udin,) = 0.

Solving the determining equations, the infinitesimals are derived in the following form:

cax cqt au {3
_ — = [Z 1 3.65

where c; is an arbitrary constant. The corresponding symmetry generator is as follows:

t.  uB3-—p)
Oy + aat + Tau. (3.66)

T

X =
s

Solving the associated auxiliary equations, the symmetry invariants are obtained as fol-

lows:

z=atP, u=t ¥ F (3.67)

The above invariants are used for the reduction of the FPDE (3.2) into a nonlinear
fractional ODE as follows:

Theorem 3.2. The space-time fractional PDE (3.2)) is reduced into a nonlinear ODE of
fractional order in the following form:

(3.68)
where (PS*) and (DS?) are the left and right hand sided Erdélyi-Kober fractional dif-
5 5

ferential operators respectively.

Proof. Similar to the proof of Theorem [3.1] O

3.4.2 Nonlinear Self-Adjointness
A formal Lagrangian for the FPDE ({3.2]) can be written as follows:

L =v(z,t)(0%u + 0Pu 4 6cud + 18cuttytize + 3cu*Uypey). (3.69)

F) (2) + 27 (DIPPF) (2) + 6c(F'(2)) + 18¢FF' () F"(2) + 3¢F2F"(2) = 0,
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In view of (3.33)) and (3.69)), the adjoint equation for FPDE (3.2)) can be calculated as

follows:

F* = (D) v + (D2)*v — 3cu®vypy = 0. (3.70)

For nonlinear self-adjointness, assume the value of v given by
v=¢(x,t,u), where ¢(x,t,u) #0. (3.71)

Substituting (3.71]) and its derivatives in ([3.70]) gives the following condition for nonlinear
self-adjointness:

= \NOu + Gfu + 6cul 4 18cutiyUyy + 3CUUpyy ).

(3.72)
Equating the coefficients and solving (3.72)) leads to the following two cases:
case 0 < B < 1:
In this case, the value of ¢ and hence v is attained as below:
v = as, (3.73)
where aj is an arbitrary constant.
case 1 < 8 < 2:
In this case, v can be obtained as follows:
UV = agZ + ar, (374)

where ag and a; are arbitrary constants.
These values of variable v(x,t) are used for investigating conservation laws for the

FPDE (3.2).
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3.4.3 Conservation Laws

For the symmetry generator X given by ({3.66[), we have the following:

_u (30 x t
W= B (5) — Eux -l (3.75)

For the case (3.73), the x component of the conserved vector can be calculated in the

following form:
e _ (328 sy Lpsipny— s
c* = ( 25 )Iz (u) 6.@ (ruy) &Ix (uy). (3.76)

The t component of the conserved vector is given in following cases:

Case 0 < a < 1:

3 — 1
Ct = <25ﬁ> [tlfa(u) — gltla(ux) - &[tlfa(tut). (3.77)
Case l<a<2:
¢t = (32_66> DF ) = 505 () = -DF (e, (3.78)

For the case (3.74)), the two independent values of v are given by
v=1 v=ux. (3.79)

Firstly, in case of v = 1, the component of conserved vector with respect to x can be

obtained as follows:

26 B

where for 0 < o < 1, the conserved vector component for ¢ coincides with (3.77) and for

v = (3"5) DI ) — D8 (wus) — LD (). (3.80)

1 < a < 2, the t component of conserved vector coincides with (3.78]).

In case of v = x, the  component of the conserved vector results in the following form:

- 3-p -1 L1 !
C* =z l<25> D (u) — BDf (zu,) — an (Ut)]

(28N sy — L _tz—ﬁu]
(257 ) - e - L)

(3.81)
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In this case, for 0 < a < 1, the ¢t component of conserved vector is obtained as follows:

t=g ﬂ 1_au—£1_au —ll_o‘u
o= | (357 ) e - Grietu) = . (38

For 1 < a < 2, the t component is calculated as below:

Cf =2 l(i)’z_ﬁﬁ) Do) — ;Dgl(ux> - ;Df‘l(tut)] | (3.83)

3.5 Conclusion

In this chapter, the Lie symmetry method and Noether operators have been extended
to find the Lie point symmetries and conservation laws for space-time fractional PDEs.
The suggested approach has been successfully applied for providing the Lie symmetries
for the STFGP equation and the STFgKdV equation resulting in their reduction into the
nonlinear FODEs involving left and right hand sided Erdélyi-Kober fractional operators.
Also, the concept of nonlinear self-adjointness has been extended for space-time fractional
FDEs and it has been shown that both the considered FPDEs are nonlinearly self-adjoint.
Therefore, by using the introduced fractional Noether operators for space-time fractional
PDEs, the conservation laws for both the considered fractional PDEs have been derived

successfully.



Chapter 4

Space-Time Fractional Nonlinear
Systems of Partial Differential
Equations

4.1 Introduction

The fractional PDEs with time derivatives of fractional order are a particular
case of the space-time fractional PDEs. By analyzing the space-time fractional PDEs,; the
generalized form of results can be obtained. Only a few researchers [128, [163] studied the
invariance of single space-time fractional PDEs under Lie group of scaling transformations
rather than executing their complete group classification. In chapter [3| Lie symmetry
method is discussed for complete group classification of space-time fractional PDEs. Fur-
thermore, there is no work in literature investigating Lie symmetry analysis of systems
of space-time fractional PDEs. It motivated us to introduce the symmetry approach for
space and time fractional systems of PDEs. For this purpose, there was a requirement
of some new extended symmetry operators. These required prolongation operators are
proposed in this chapter and used to study some nonlinear systems of space-time frac-

tional PDEs. As a result, the considered systems are reduced into nonlinear systems

The contents of this chapter are published in Journal of Mathematical Physics, 58, 051503 (2017).
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of FODEs involving the left and right-hand sided Erdélyi-Kober fractional differential
operators [107, 128].

The present chapter is organized as follows. In Section [4.2] the Lie symme-
try method is extended for systems of space-time fractional PDEs by derivation of the
required prolongation formulae. Section is devoted to symmetry analysis of five non-
linear systems of fractional PDEs with time and space derivatives of fractional order.

The conclusion is given in Section [4.4]

4.2 Lie Symmetry Method for Space-Time Fractional
Systems of Partial Differential Equations
In this section, the Lie symmetry analysis for systems of space-time fractional

PDEs is developed with two independent (z,¢) and two dependent variables (uq,us).

Consider a system of space-time fractional PDEs having the following form:

0%uy — Fyet i OPuy OPuy 0*uy O*usy )
ote U 9B 9B Ox2 7 022 (4.1)
0%uy — Fy(etun, OPuy OPuy 0%*uy 0%us )
ot T 9B 9B Ox2 7 Q22T

Assume the invariance of system (4.1]) under a one parameter Lie group of trans-

formations of the following form:

T=ux + €£($,t,ul,U2) + O<€2)7
t=t+er(x,t,u,u) + O(e?),
Uy = uy + en(x, t,uy, ug) + 0(62),

u~2 = U2 + 6¢($,t, Uy, u?) + 0(62)7

60‘1[1 . 8au1 at 2
e~ o + en®' + O(€7),
8"‘122 - 8“1@

ote  ote

+ €™ + 0(62),
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8661 aﬁul 8,z 2

823'6 - 8 B (6 )7

0%y 9%uy

o7 =~ agp T HOE)

8211/ o 62U1 o 2 4.9
52 = gz terT+0(E), (4.2)
821/72 . 82U2

Tr = g e+ 0(),

where 7%%, %% are extended infinitesimals of order 3. The associated symmetry gener-

ator can be wriiten in the following form:

0 0 0
X =&(x, t,uy,uo) — + 7(x, t,ug, us) — + n(x, t,uy, us) — + oz, t,uy, ug) —. (4.3
&( 1 z) 5+ 7 1, Uz) 5 1 2)8u1 ¢ 1 2)8u2 (4.3)
The prolonged generator is written as follows:
pri@fm X — X 4 na’t&ataul + ¢a¢aagu2 + 775””885”1 + gzﬁﬁ””@af N0y e + -y (4.4)

where m is the order of the system ({4.1]).

The integer order extended infinitesimals can be obtained in their expanded form
in Refs. [24], 147]. The fractional extended infinitesimals n®* ¢** have been derived in
chapter . The extended infinitesimals %% and ¢ can be easily derived by a systematic
computation. In this study, the extended infinitesimal 7°% of order 3 is introduced as
follows:

o9y Puy %1, 9Puy 8%
7= gps = FD(O) g5 —wig 5+ (s — we g 5) + fnpa F hinpo

9B 98 ' Oaf
2
2

Ul

0"y B n+1 n( 0 771@
()5 —(nﬂ)Dgg @] vt + X (1) G 2

l
(oot

(4.5)

where p, 5, for i = 1,2 are as follows

no kol k = o grmh
=35 3 (O) (1) (1) g ) ) g (45)

n=2m=2 k=2 r=0
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Similarly, the 5% order extended infinitesimal function ¢** is introduced as follows

o8 o° o° s o° o°
QSBJ 8¢ + <¢u2 /BDJJ<§)) 81‘1;2 — Ug 8; (¢u1 o uﬁl - 8¢f8 ) + He¢.B.1 + He.B,2
8n¢u2 . 6 n B— 'rL 8n¢”1 B—n
+Z[( > oa (nﬂ)Dfﬂ@] - +Z< ) Do)
- Z ( )DZ(T)Df_n(Uz,t),
n=1 n
(4.7)

where py 5, for ¢ = 1,2 are of the following form:
n m k-1 k 1 n—B om X 8n—m+k¢
i e AR —— f—(u; ) m———=—=. (4.8

n=2m=2 k=2 r=0

The invariance criterion for system (4.1)) can be written as follows:

proAm Y (Ao = 0, (4.9)

where the system (4.1)) is named as A. Hence, this symmetry approach can be applied

for studying systems of space-time fractional PDEs.

The proposed approach can be easily generalized for space-time fractional systems

with more than two dependent variables.

4.3 Application of the Proposed Symmetry Approach

In this section, the developed symmetry method for systems of space-time frac-
tional PDEs is used for the analysis of some physically important space-time fractional

nonlinear systems with fractional orders 0 < «, f < 1 as follows.

4.3.1 Space-Time Fractional Ito System

Here, the considered Ito system with space-time fractional derivatives is as follows
0%u Pu  Pu  Bu
—3u —v — =0,
0“v 0% 0%u
ot oxh oxh
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The invariant analysis of system (4.10]) is described by the theorem written as follows:

Theorem 4.1. The system (4.10) admits the group of transformations (4.2]) then the

resulting Lie symmetries can be obtained as follows:

L ot _(B—3)
37 a 3

(6 =3)
3

ciu and ¢ = v, (4.11)

where ci is an arbitrary constant along with the corresponding Lie symmetry generator

as follows:
rd to (B-3Nud (F-3wvo

V=3 e ™ 3 o’ 3 o

(4.12)

Proof. For the invariance of system (4.10)) under group of transformations (4.2, the
invariance criterion takes the following form:

[ = 3(un™ + nug) — (o™ + ¢ug) — 0" @) = 0,

[0 — (ug™® + o) — (™ + ¢up)]|@m) = 0.

Using the prolongation expressions developed before and equating the coefficients of var-

(4.13)

ious partial derivatives of u, v, the obtained set of determining equations is as follows:
& =8 =& =0,
To = Tu =Ty, =0,
— &uw =0,

Pu =1y = Nuu = 0,
¢ =v(¢y — ar — nu + BE&),

= u(BE — amy),
3¢, —arm =0, (4.14)

¢ +3n+ (v+3u)(an — &) =0,

<a>8nnu—< @ )D"+17' 0, neN,

(Bten— {2 Jorse=o. nen
ﬁ 6 n 1
<n>8 Ny — <n+1)D+ neN,
ﬁ n B n 1
Bto- (2 Jorvc-n new
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Ofn — udfn, — (3u+v)(95n — udnu) — Nuwe = 0,
8f‘q5 - ,Ua?(bv - u(axﬁ(b - Uag(bv) - U(@f?] - uaﬁnu) = 0.

Solving these equations, the obtained infinitesimals are of the following form:

(6 =3)
3

t -3
3 a 3

ciu and ¢ = v, (4.15)

for ¢1, co and c3 being arbitrary constants. These symmetries for « = 5 = 1 are equivalent
to those for integer order Ito system proving the validity of the proposed formulae. Also,
for preserving the structure of the Riemann-Liouville fractional derivative in case of space-

time fractional systems, the following conditions must hold:
E(x,t,u,v)|pm0 =0, 7(x,t,u,v)|4=0 = 0. (4.16)
It gives co = c3 = 0, completing the proof. O

For the generator V, the auxiliary equations are as follows:

du dv
T Em, T, (4.17)

co\H‘ g‘
o1l &

Their solutions lead to the following result:

Theorem 4.2. The corresponding similarity transformations u(z,t) = t5573) f(2) and
v(x,t) = t56=3g(2) with the similarity variable z = xt~5 reduce the system (4.10) for

a, B > 0 into a system of nonlinear FODEs as follows:
(PEH071) (2) = 2 731(2) + 9(2) (DTF) (2) = 1(2) =0, s
o 4.18
(P;sw”‘“g) (2) = 277 [£(2) (DrP9) (2) + 9(2) (DL77F) (2)] = 0,

where (7757‘1) and (Dg”ﬁ) are the left and right-hand sided Erdélyi-Kober fractional differ-

ential operators [107, [128] respectively.

Proof. The fractional derivatives of u(z,t) and v(z,t) of order a > 0 with respect to ¢

can be obtained as follows:

0%u
ot

— 15(5-9) ( a0 f) (2), (4.19)

«@
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and
o0~ a 2(6-6).a
S =150 (73;3(5 o g) (2). (4.20)

The fractional derivatives of u(z,t) and v(z,t) of order § with respect to x are calculated

by the following Lemma:

Lemma 4.3. The partial derivatives gZ—}; and % of fractional order 8 > 0 are obtained

by the following relations:

9%u o
O _ 569, (D) (2),
0P ( ) (4.21)

0% aiaay g i
>F +53(8=3),—8 (Dl 67,39) (2).

Proof. Forn —1 < 8 <mn, (n=1,2,,..), by using the definition of Riemann-Liouville

fractional derivative, the following holds:

Pu 17 o o
= —p)" P f(ptm5)dp | 4.22
Let s = 2, then the above expression is transformed into the following:
0%u o o
- — 7(573)7 nfﬁ ,’I’L*ﬂ
where X
1

(20"7F) (2) = e / (1— 8)"B=1f(zs)ds, (4.24)

(n —

is the right-hand sided Erdélyi-Kober fractional integral operator defined by (3.24]).

Using (Zf’of) (z) = f(2), the relation (4.23)) is also true for f =n =1,2,3,....

For z = a2t~ 3, the following relation holds

v 2 y(z) = o E = 22 u(z), (4.25)

Therefore, the following expression is deduced:
a" on1 d
n—p_ n—p _ n—p—1 _ 0,n—p
o (@) () = o [ <n Bz dz) (Z'7F) <z>] ,

— .= Mj]i[l (—5 +j+ zddz) (Z"7F) (2).

In view of the definition of right-hand sided Erdélyi-Kober fractional differential operator

(3.23), for n — 1 < 8 < n he following must hold

9Pu alpay _
5o = 150797 (D0 f) (2). (4.27)
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Analogous to the result |D obtained, 2°¢ can be solved in the following form:

’ OxP
0% _ as-3) 8 (155
o =110 (D7) (2). (4.28)
This completes the proof of the Lemma. n

The statement of the theorem follows by using the expressions (4.19), (4.20) and the

results proved in Lemma. O

4.3.2 Space-Time Fractional Coupled Burgers Equations

The coupled Burgers equations with space-time fractional derivatives are as

follows [38]:
o%u  0*u 49 9Py B 9Pv B 9Pu
ot 92 u@xﬁ uf)xﬁ Uaxﬁ’
v 0% P 9Pv B 0Pv B 0Pu
ot Ox2? Uaxﬂ “axﬁ U&L‘B'

Considering the invariance of (4.29)) under the group of transformations (4.2]) gives the

(4.29)

following invariance criterion:

(™" — 0™ = 2(nu] + un®) + (ug™* + vn™* + ol + ul))]|@zm) = 0,
(4.30)

(67 — 67 = 2(0u? + 00P) + (W™ + P + ol + o)l gy = O

Substituting the prolongations, the following result holds:

Theorem 4.4. The infinitesimals for coupled Burgers equations (4.29) can be obtained

in the following form:

1T cit (B = 2)ucy

5277 = = B

(B —2)vey

and ¢ = ) , (4.31)

where c1 is an arbitrary constant. Hence, the associated Lie algebra is generated by the

following vector field

xd td  (B-2ud  (B-2w 0D
V_§%+E§+ 5 %—i- 5 90 (4.32)
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Proof. The following determining equations can be obtained:
& =& =68 =0,
Te =Ty =Ty =0,
26, —arn =0,
Mot = Qut = 0,
Nuv = Now = TNaw = Tuu = 0,
Puu = Pov = Pzu =0,
Mo = 2000 = Sax;
1 =3(u—v)n +u(n — ¢» — are + &),
¢ = 3(v — w)du +v(Py — M — a7 + BE), (4.33)
¢ — 20 =u(2a7 — ¢y — 28&) +v(ns — am + B8),

2¢ —n= U(O./Tt - ¢u - ng) + U(/’?v + 25& - 20[7}),

« Y23 « n
(-, e

« Y23 « n
(- s e

O — udfn — v, + (v — 2u) (07 — ud]n, — vdin, ) +
u (00 — udld, — vl ) = Na = 0,

') — udf by — v0f by + (u — 20) (06 — udllg, — v0le,)
+0 (970 — udln, —vdin,) = due = 0.

Solving these equations, the following solutions are obtained:

c1x cit 8 —2 B—2
g 9 +c2, T o + cs, n u ( 9 ) ) ¢ v ( 9 ( 3 )
Using the conditions (4.16]) completes the proof. O

The solution of auxiliary equations for the generator (4.32)) leads to the following asser-

tion:

Theorem 4.5. The system (4.29) using the similarity transformations u(zx,t) = 2 f(2)

and v(x,t) = t(BEQ)ag(z) with the similarity variable z = xt™2 can be reduced into the
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following system of nonlinear FODEs:

(PY570) ()= 22(20) = 9(2)) (PL97) () + 5 1(2) (DT9) (2) = () =0,

(PY57 ) (2) = 27220() = F2) (D) () + 2%(2) (DIPF) (2) = () = 0,
(4.35)

where (735’0“) and (Dg”ﬁ) are the left and right-hand sided Erdélyi-Kober fractional differ-

ential operators.

Proof. Similar to proof of Theorem [4.2] O

4.3.3 Space-Time Fractional Coupled KdV Equations

The time fractional coupled KdV equations [68] have been studied with various
techniques. We consider the coupled KdV equations of space-time fractional order in the

following form:

@ + Gauaﬂu — 61}0% + a83u =0
ot OB oxh O3 ’ (4.36)
@ + 3au@ + a@ =0
ot 0P o3 '
The invariance condition for system (4.36)) can be written in the form:
(0" + 6a(un™ +nuf)) — 6(ve”* + ¢vl) + an™*)|Ezg) = 0, .
4.37

(6™ + 3a(ud® + nv?) 4+ ag™] |@ze) = 0.
The solutions of the resulting determining equations corresponding to the conditions

(4.37) are presented by the following theorem:

Theorem 4.6. The system (4.36)) admits the Lie group of transformations (4.2)) with

symmetries as follows:

E=cx, T= ?)th, n=(8—-3)cu and ¢ = (5 —3)cv, (4.38)

where ¢; being an arbitrary constant. The following vector field is obtained:

Vel b 20 g a5

4.
or « Ot (4.39)

o’
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Solving the auxiliary equations for the associated vector field (4.39), it can be shown that
the following theorem holds:

Theorem 4.7. The similarity transformations u(x,t) = t50073) f(2) and v(z,t) = t5F3g(z)
with the similarity variable z = xt~5 reduce the system (4.36)) into the following system
of nonlinear FODFEs:

(PE3079F) (2) 4 60277 £(2) (DE7 ) () - 6 g(2) (DT ™g) (2) + af () =0,

o

(PE3079%) () + 302 £(2) (DT9) (=) + ag(2) = .

o

(4.40)

Proof. The proof is similar to the proof of Theorem [4.2] O

4.3.4 Space-Time Fractional Generalized Hirota-Satsuma Cou-

pled KdV Equations

The space-time fractional Hirota-Satsuma coupled KdV equations [67] are con-

sidered in the following form:

0y 10% oPu _3 (_ 0Pv 8510) —0,

ote 4013 " oub
0% 10% 0P

1 _ 4.41
5o +28x3+3u8x5 0, ( )
aaw _|_ 183711] + 3 8/877“0 — O
ote 298 s T

Assume that the associated symmetry generator is as follows:

V =80, + 70, + 10y + 90y + 10,y. (4.42)

The invariance criterion for system (4.41f) can be obtained as follows:

1
(™" — an” — 3(un®* + nul) — 37" — 2607 — 20¢°")]|@am = 0,
1
L T+ 3(ue™ + )]l @am = 0, (443)

1
[t 4 §¢m + 3(u¢5’m + nwf)ﬂ =0.

Inserting the prolongations and equating the coefficients gives the set of equations whose

solutions are described in the following assertion:
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Theorem 4.8. The Lie symmetries of system (4.41)) are obtained as follows:

E=cx, T= ?’th, n=(8—-3)cu, ¢=(8—-3)cv and v =2(5—3)cqw, (4.44)

where ¢y is an arbitrary constant. Hence, the corresponding symmetry generator is of

following form:

V= :csx + ?:)fgt + (8 — S)ui + (B — 3)11881} +2(8 — 3)wa—w. (4.45)
Proof. The determining equations for system (4.43|) are as follows:
& =8 =38 =0,
Ty =Ty =Ty = 0,
3y —ar =0,
Mo = Mo = T = Pu = Pu = 0,
Pov = Pvw = Puw = Put = Puwaz = 0,
Vo = Yww = Yow = Yot = Yoo = 0,
Nut = Pt = Yt = (a ; 1) Ty = 0,
e (P51
(4.46)

3Nz = Pve = aas

n = u(f& — ar),

2 = 20(1 — o, — B0 + B62) +

200, = Yy, — 2a1y — 26&,,

O — udn, — 3u (000 — udin.) + 6v (056 — vl p, — w0 .)

— 3 (200 — vBthy — wd) — Jene =0,

06 — w0 0 — wf b+ 3u (900 — 0026, — wO6L) + Srme =

04— 0, — w0 + B (0240 — 000, — wO) + Sthes = .
The solutions of these equations are as follows:

£=catey, T= Bilt+03, n=(f-3)au, ¢=(8-3)cv and ¢ =2(8-3)crw+C(z,1t),
(4.47)
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where c¢q, cg, c3 are arbitrary constants and C(x,t) satisfies the following:

OP(Ca.t) =0, O (Clx.t)) + ;0 0. (4.48)

T

The conditions (4.16|) give co = c¢3 = 0 and for simplicity, assuming C'(z,t) = 0, the proof

is completed. O

The solutions of the characteristic equations for (4.45) transform the system ({4.41])

into a system of FODESs presented in the following theorem:

Theorem 4.9. The similarity transformations u(z,t) = t5573) f(2), v(z,t) = 553 g(2)
and w(z,t) = t5G3Nn(2) with the similarity variable z = xt=5 reduce the system (4.41)

into a system of nonlinear FODFEs written as follows:

(P 30797) () = 372 [£ (D171) (2) — 20 (D7) ()] =3 (D1 7h) (2) - 17() =,

( ?(5(259)’%) (2) +327°f(2) (D;B’ﬁh) () + ;hm(z) =0

@

(4.49)

4.3.5 Space-Time Fractional Coupled Hirota Equations

The coupled nonlinear Hirota equations [14] with space-time fractional deriva-

tives under consideration are as follows:

0“p 0 2 2 aﬂp_
%+87+6(|p| + |q| )7—0,
0%

0%q 2
@+ﬁ+6(|p| + g )8 5 =0,

where p(z,t), q(z,t) are complex valued functions. For p = u + w and ¢ = w + ¢z, the

(4.50)

system (4.50)) gives the following system of equations:

0w  Pu o°

%+ﬁ+6(u +’U +w +Z)8$7; 0,

v v OPv

— —+6u+v +w? + z =0,

ot 83 ( )85 (4.51)
0w Pw OPw

T —i—W—I—G(u +0? +Z>axﬁ =0,

o0” Dz ol

8754—%%—6(21 + 0 +w +z)ax2—o.
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The invariance conditions for the system (4.51)) can be obtained as follows:

[t + ™ + 677" (u2 +0v® +w® + 22) + 120 (un + vé + wy + 26)]| @y = 0,

[0 + ¢ + 6077 (u? + v? + w? + 2%) + 1207 (un + v + wip + 20)]|@Ey = 0,

(4.52)
[ 4 h™F 4 6P (u2 + 02 +w? + 22) + 12w? (un 4 vo + wip + 20)]|@sy = 0,
[6%F 4 577 4 6577 <u2 + 0P w4+ 22> + 1227 (un 4 vo 4+ wip + 20)]|@zsy = 0,
where the associated symmetry generator is as follows:
V = &0, + 70 + 10y, + ¢0y + 10y, (4.53)

The solutions of the resulting set of determining equations after substituting the prolon-

gation expressions leads to the result in the following form.

Theorem 4.10. The explicit form of Lie symmetries of system (4.51)) is as follows:

&= %, T = Colf, n= (B g 3)01U+CQU + c3w + ¢4z, ¢ = —cou+ G g 3>cw + csw + cgz,
V= —c3u — c5v + (B g 3)0120 +crz and 6 = —cyu — cgU — crw + (8 g 3)012,

(4.54)
where ¢; (i = 1,2,3,4,5,6,7) are arbitrary constants. Hence, the corresponding Lie
algebra is generated by the following vector fields:

Vl:gsx th (ﬁg?’)uaau (5g3)vaav (ng)wai (5g3)zaaz7

Va = v2 - ug,
8g 8'15

Vo= wor —uz,

Vy = Zfit — u(i, (4.55)
0 0

Vs = wgv — vgw,

Ve = zag - vag

V1= 50 " Ve

For the sake of brevity, the symmetry reductions are discussed in this chapter only for
vector field V;. For vector field Vi, the solution of the characteristic equation leads to the

following assertion:
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Theorem 4.11. The corresponding similarity transformations u(x,t) = t5¥B=3)f(9),
v(z,t) = t5B3g(0), w(z,t) = tsP3nG) and z(z,t) = tsB=3IE(0) with the similar-
ity variable @ = xt~5 reduce the system (4.51) into the following system of nonlinear

FODEs:

( 1+ 5 (B8=9),a f) + f/// + 60~ B(f2 + g + B2 + k2 (Dl Bﬁf)
( 1+5(8-9)a ) //I + 697ﬁ<f2 + 92 + h2 + k2 (D 8,8 ) 0,
) (4.56)

+R"(0) + 6077 (f2 + g + h? + k2)(0) (D7 7h) (0) = 0,

g
( 1+ & (B— 9)a

( ;‘6(5_9)’ k) () + k"(0) + 6976(]02 + g+ R+ kZ)(Q) ('Dl_ﬁ’ﬂk) (0) = 0.

[e3

Proof. Following the procedure to find fractional order derivatives given in proof of The-

orem [4.2] the ath order fractional derivatives of u, v, w, z can be obtained as follows:

oru =55 (P ) o),

@

8?1} :ta(ﬂ6—3) <733 2(8-9),a g> (9)7

(4.57)
oow =t 5o (793 9)“h> 6),
e = 25 e ( ?j‘s(ﬁ‘”“k) ().
Similarly, the Sth order fractional derivatives are as follows:
Ou =155 (DI ) (0),
v = 25 8 (Dfﬂ’ﬂg) (9), (458)

a(B=3)

Pw=t"5 277 (Dfﬁ”gh) (),
Oz =15 a7 (DT7k) (6).
Using the obtained fractional derivatives, the space-time fractional Hirota equations

(4.50) can be easily reduced into the system (|4.56]). n

4.4 Conclusion

In this study, the Lie symmetry analysis for systems of space-time fractional

PDEs has been introduced. The invariance of the considered systems gives similarity
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solutions leading to their reduction into FODEs in terms of Erdélyi-Kober fractional
differential operators. The results obtained for all the considered space-time fractional
systems are generalized than their corresponding time fractional form in chapter [2| and
integer order systems. Hence, the Lie symmetry technique has emerged as an efficient
method in study of systems having both time and space derivatives of fractional order.
There can be further extensions of this work e.g. symmetry analysis of higher dimensional

systems of PDEs with more than two independent variables that is given in chapter [5



Chapter 5

Higher Dimensional Nonlinear
Systems of Fractional Differential
Equations

5.1 Introduction

In most of the available works on symmetry analysis of FDEs [15], [16], [78 87,
188, [189], the FPDEs with only one dependent variable and two independent variables
have been analyzed involving fractional derivative with respect to only one independent
variable. The extensions of Lie symmetry method for time fractional systems of PDEs,
space-time fractional PDEs and space-time fractional systems of PDEs are presented in
chapter [2], chapter [3] and chapter [4] respectively. In the previous chapters, the symmetry
method is discussed for fractional PDEs having only two independent variables.

In this chapter, an extension of Lie symmetry approach is proposed and new gen-
eralized prolongation formulae are introduced for symmetry analysis of FDEs having an
arbitrary number of independent as well as dependent variables. Therefore, the complete
group classification of higher dimensional nonlinear systems of FDEs can be successfully

done. The higher dimensional systems of FPDEs have been studied through various

A part of this chapter is published in Journal of Mathematical Physics, 58, 061501 (2017).

101
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approaches [47), 96] but the idea of symmetry analysis for higher dimensional systems of
FDEs is completely unexplored in literature. In the literature, a general result of existence
and calculation of Lie symmetries has been presented for fractional order PDEs [119} [120)]
with only one dependent variable and arbitrary number of independent variables. The
present chapter is an extension of the existing Lie group theory to find the symmetries
of FDEs having more than one dependent variable. The proposed formulae are applied
for Lie group analysis of five nonlinear fractional systems of higher dimensional PDEs.
The rest of this chapter is organized as follows. In Section [5.2] a generalized
symmetry approach for systems of FDEs is proposed and the complete derivation of the
required prolongation formulae for generalized systems of FDEs having p independent
and ¢ dependent variables, is presented. In Section [5.3 the proposed approach is ap-
plied to five nonlinear systems of FPDEs including fractional (2+1)-dimensional ANNV
system, fractional (3+1)-dimensional Burgers equations, fractional (3+1)-dimensional
Navier-Stokes system, fractional (3+1)-dimensional non-hydrostatic Boussinesq system
and fractional (341)-dimensional incompressible non-hydrostatic Boussinesq system with
viscosity. With the help of their obtained Lie symmetries, the considered systems are re-
duced into lower dimensional systems of fractional order in the extended Erdélyi-Kober

fractional differential operators. Section is for the concluding remarks of the chapter.

5.2 Generalized Lie Symmetry Approach for Systems

of Fractional Differential Equations

Consider a system of N FDEs with p independent variables & = (x4, 22, ..., 2,) and ¢

dependent variables u = (u!,u?, ...,u?) , u = u(x), ¢ > 2 in the following form:

F.(x,u, Dyu,...)=0, p=1,2...,N, (5.1)
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such that ,Dgu denotes the set of all fractional derivatives as follows:

A1,y Op )V _
a1,..‘,apD371»~~-@p u, V= ]-7 27 - 4, (52)

where o; > 0 for i = 1,2, ..., p.
Assume the invariance of system ({5.1)) under one parameter Lie group of transformations
of the following form:

T =2a(x,u;e), u=1u(x, u;e), (5.3)

for € being the group parameter. The infinitesimal generator for the transformations is

as follows:
p q
V=> & (x,u)d, + Y 1 (x,u)y», (5.4)
i=1 v=1
where
du” dz;
_— d ¢v=—"2 . .
n dc | § de | (5.5)

is presented
e=0

The explicit expression for the prolongations (n*)** = {i (aDg‘d”(:i’))]
by the following theorem.

Theorem 5.1. For infinitesimal generator (5.4), the general mized prolongations [120]

denoted by
) = | (D5 (@) A ) (5:6)
== uv(x = |— PV (@ .
n de ‘@ —o de \ai,map FnsTp —0
are obtained by the following formula:
P P
()77 = D) + €50, (D2 = D2 (Y g ). (67)
j=1 j=1
where v =1,2,...,q, u;]_ = g%: and the expression Dy = alangllg‘:

The proof of the above theorem for ¢ = 1 is given in Ref. [120] since the general prolon-
gation formula ([5.7]) for ¢ = 1 coincides with their proposed general formula [120]. In rest
of the chapter, for all the fractional derivatives, the lower extreme of Riemann-Liouville

definition is taken as a = 0 so that D3 is denoted by Dy.
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The expanded prolongation formulae (n*)®® = [i (Dg"d”(ﬁz))} Vi=1,2,....,p

are derived in the following theorem:

Theorem 5.2. The general o;th extended infinitesimals (n”)*" = [% (ngd”(a?))] ‘ ,
e=0

fora; >0 (i =1,2,....p, v =1,2,...,q), and general infinitesimal generator (5.4]), are

proposed as follows:

o 8‘“77” > (0%} 8”771/1/ (673 +1 _
VO, T u’ n €T aaz n( v
=G S [(n) s <n+1> e | gmn()
! — (i) 0" ZS % n now; o, v
b3 3 (M) - X (Vpnenon
s#v,s=1n=1 n Li j#in=1
. o%n, a 0%us 8"‘277
l/V . ZDJ: T; aal vV U VS us 7
+ (77u a 15 ) T; u u axiai + S#VZ’S:1 (771;, 5%‘” + Z luys
"58)
where /. = 8Z: and ,uyS are defined by
o n m k-1 n—ao; m n—m-+k,,v
% Q; k)1 i ' S\7 d s\k—r 9 i n
iR 58 (1) 6 O a o e
(5.9)

Proof. For the infinitesimal generator (5.4), the prolongation rules (n”)®% are of the

following form:

(") = D) + Z (e D) — Den) ) (5.10)
Using the generalized Leibniz rule -, the following result can be obtained:
D) - D €)= —aDu oz = X (% Jorrennz. 6
n=1 L

where D,, indicate the total derivative operators given by

= Oy, + Uy, O + Uy 4, Ouy. +Zuma + . (5.12)
J#i

Equivalently, for j # ¢, we have the following result:

£ D3 (uf) — D (€7u) Z( ) 5 €7 DE T (5.13)

Thus (5.10) can be written as follows:

v\, T; (o7} x le L - Q; T a n v
()% = D3 (n") — ;(Dy, £7)Opiu” — 3 () 287) D5,
A==t (5.14)

Z( Q5 > Dnj—lé-mz)DgZ—nuu

n=1
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The extended form of formula given by Osler [148] for a > 0 is written as follows:

DY 1 (0), 92(8), - ZZZZZ( [ r——

j=1n=0 m=0 k=0 r=0

dm SO E( gy gp)
o) g e ag

Since 1 = 1" (x1, .., 2p, u', .., u), using (5.15) the term D () in (5.14) can be obtained
as follows:
' 8&1- 771/ q aai ’LLS aai 77118 (e%] annus )
D% (n?) = v 8 u U Dal—n s i :
) = o 3 (G~ G ) 4 3 () T e 4,
(5.16)

(5.15)

where 7/, = d denote the following:

o5 E S () ) o S

n=2m=2 k=2 r=0
(5.17)

Therefore, the prolongation formulae (7”)** are expressed in the following form:

v\, T 3%77” - o ann’lu/” Q; n+1 z; ozzfn v
(") O +nZ l(n) ox;" (n—i—l) ¢ 6 ()

=1

g 0 (07 (9”7755 i — n s P >0 (67 n Ti: TN —1 . U
+ > Z(n)&cz"aﬂ” - 2 Z( ) D56 Dyl Mg,

s#v,s=1n=1 j#i,j=1n=1

o o%n", a 0%y’ 80‘17]
_"_ VU _ 7l]:)z €T aal 14 _ Vi’u _"_ _ ’lL _"_ ,
(nu «Q zg ) Z; u u a$iai S#Vz;:l (nu (9%’16” Z 'ul/S
(5.18)

completing the proof. O

Using the proposed symmetry method and new prolongation formulae, the Lie
symmetry analysis for systems of FDEs can be performed in the same way as for the
integer order systems of differential equations [24] [147].

The prolongation formulae for (1+1)-dimensional systems with p = 2, ¢ = 2
i.e. two independent and arbitrary number of dependent variables can be found in chap-
ter [2| and chapter . For p = 2,q = 1, the formulae are discussed in chapter .
The prolongation formulae can be simplified for the particular cases of systems of

FODEs and (2+1)-dimensional systems of FPDEs as follows.
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Corollary 5.3. For the systems of FODFEs with q dependent variables u”(x), (v =1, ...,q)
having the symmetry generator in the following form:
q
X =80, +> 170w, (5.19)
v=1
the proposed prolongation formulae are as follows:

ryo,r 8%71/ = o 8717711:" . « n+1 a—n(, v v , v
= *El(n) = (2 e e o - eb.g

d e gy — Py 4 S (2 0

s#v,s=1n=1 s#v,s=1
(5.20)

where i . are given by the following expression:

NN K\1 a2 o O™y O
= 5255 (0) ) (i ! e

n=2m=2 k=2 r=0
(5.21)

Corollary 5.4. Consider the (2 4+ 1)-dimensional systems of FPDEs with p = 3, ¢ = 2
i.e. dependent variables u,v and independent variables x1, xo, x5 where x1 =t such that

the associated symmetry generator is of the following form.:

=10, + £720,, + 30, + 10y + ¢0,. (5.22)

g, Tq

The extended symmetry generators n for1=1,2,3 are proposed as follows:

n%ﬂ:@w+§:K%ymm—(;jJ7Msﬂmfm+§:()zv@z%

Z Z <a1> Dn ij aal ng (nu - szszém)a?zzu T (7’]1,8?;1} - ’Ua;inv)
j#i,j=1n=1

- Uaﬁfﬁu + Mzi,1 + ,Uil,2a
(5.23)

where pi ; (i =1,2,3) are of the following forms:
; co n m k-1 n k1 xin—ai . 8m e an—m—l—kn
=3 S () () () e 1 e 0
(5.24)

and ' 5 are as follows:
00 k

: LN AN AN AN T . om o, O
iz = 1;2;2,;2; (n) <m> (T) Ef(n —a;+1) (=) ox;™ () Ox;—mOvk’
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Similarly, ¢“" are introduced as follows:
e [t £ o
s Z ( )Dn Erigm Ty, (% - aiD%gmi>a§;U + (¢uag;u - ua;i%)

j#i,j=1n=1

- Uag?:(bv + Né,l + Néza
(5.26)

where i | and iy o can be defined similar to ( - cmd -

5.3 Application to Some Higher Dimensional Non-
linear Systems of Fractional Partial Differential

Equations

In this section, the proposed symmetry approach is utilized for calculating the Lie
point symmetries and reductions systematically for some well known fractional nonlinear
systems of higher dimensional PDEs obtained by replacing all the first order derivatives
with derivatives of fractional order 0 < «,f3,7,0 < 1. For brevity, the details of Lie

symmetries and reductions for some of the discussed systems are avoided.

5.3.1 Fractional 2D ANNYV System

The ANNV equations of integer order have been studied for their solutions [174], 19§]
but the considered system is obtained by taking & = 2 in generalized ANNV system given
in Ref. [I98] and with fractional order derivatives. The fractional ANNV system is of
the following form:

Ofu + 7(u0%v + v02u) + MUy + Ny, = 0,

(5.27)
OPu — 209)v =0,
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where r,m,n are arbitrary constants. For the system (5.27)), let the associated symmetry

generator be as follows:

X = ém(x7 y? t’ u? U>ax+£y<x7 y’ t? u’ U)ay+£t(x7 y7 t? u? U)at+7](~r7 y’ t? u’ ,U)au—i_qb(x? y? t’ u? U>8U'
(5.28)

Therefore, the invariance criterion is as follows:

[+ 7 (e 4 o+ o+ duf) + m )| gz = 0,
(5.29)
(17 = 209" = 26v]]| gz = 0,
where n™*®, n¥%¥ are extended infinitesimals of order 3 and n®t, %, ¢#% $7¥ are extended
infinitesimals of fractional order. Using all the prolongation formulae and equating the

coefficients of various monomials in partial derivatives with respect to x,y,t, the set of
determining equations is obtained as follows:
G=a==§=0, g=g==¢=0
L=6=6=¢§=0 3 =3=af,
M =0¢u=0, Nou—&, =0,
Myu — &y =0, 0 =u(n, — ¢y + BE — ag)),
¢ =v(BE; — a&) = v(n, — d» — BE +E)),
Pn — udln, — 20(9)¢ —vI)p,) = 0, (5.30)

O — w0 + ru(0)d — v0ldy) + rv(07n — udNL) + Miaws + N1y = 0,
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where in the last four equations n € IN. The above set of PDEs and FPDEs can be

integrated to obtain the following general solution:

c1x cit

3 —
£I = 7"'—027 fy = %—'—037 é't = i—+_C4a n=au ( 63 i - 2) ) ¢ = v <§ - 1) 3

3 «
(5.31)

where ¢; (i = 1,2,3,4) are arbitrary constants. Also, by taking & = f = v = 1 in the
system , the same set of symmetries can be obtained. So, the generated symmetries
are consistent for 0 < «a, 8,7 < 1. Further, since the system has fractional derivatives
with respect to all independent variables x,y,t, it gives the following conditions for in-

finitesimals:
fx‘zzo = 07 £y|y=0 = 07 gt‘tZO = 0. (532)
Hence, the infinitesimal generator is as follows:
cx\ 0 (cly) 0 (clt) 0 36— 0 15} 0
X=—]= =) = — ) = -2 | = ——1]=.
(3>8x+ 3 8y+ o 8t+clu 3 8u+cw 3 ov

The corresponding vector field is of the following form:

1%

T Y t 30— 16
=—-0,+ 29, + —0, + —2|ud, + (= —1|vo,. )
38,0 5% aat ( 3 )u » <3 V0, (5.33)

The associated characteristic equations are as follows:

de dy dt du dv
T Ty T LT Ba6), T (B8 (5:34)
3 3 a 3 3

Integrating these equations, results in the similarity variables and similarity solutions of

the following form:

a(38—y=6) _a(B=3)
3

p=axt"5, o=yt"5, F=ut" 35 , G=ut (5.35)

Further, the reduction to the (141)-dimensional system of fractional order in variables

F(p,0),G(p, 0) is presented in the theorem as follows:
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Theorem 5.5. The similarity transformations (5.35)) for «, 5,7 > 0 transform the frac-
tional ANNV equations (5.27)) into the following nonlinear system of fractional (1 4 1)-
dimensional PDFEs:

( £+3§(3,379),aF> (p,0) + Tp_ﬁ (G (Dl_foﬂF) +F (Dl_,fé/BG)) (p,0) + mFppp 4+ nFge =0,

a’a

p? (DL F) (p,0) = 207G (DXG) (p,0) = 0,
(5.36)

where (nggZ) is the extended left hand sided Erdélyi-Kober fractional differential operator
[107, 128] defined by

N mot 1 9 1 0 e
(P5f:52 ) a,22) = |1 <<+‘7 TR 322> (K™= h) (21, 22), 2 >0, 6; >0, a >0,

7=0
(5.37)
la]+1 ifa¢N,
m pr—
o ifa € ]N,
where
[ee) 1 1
iy J (5 = 1) sT T Oh(z18% 29572 )ds  if >0,
(IC51 52h) (Zl7 22) = ! (538)

h(z1, z2) ifa=0

is the extended left-hand sided Erdélyi-Kober fractional integral operator. Also, (Dgf 52)
is the extended right hand sided Erdélyi-Kober fractional differential operator [107, 128§]
defined as follows:

m 1 9 1 0 m—
(D) (1. 2) = 11 (< R TR aa) W e 2), 2> 0,820, 5> 0,

j=1
(5.39)
B]+1 if B¢ N,
m =
B if B €N,
where
%) fl(l - S)B’lsch(zls%, 223%)d3 if B> 0,
(Z85h) (22 = 4 0 (5.40)

h(z1, 22) if =0

is the extended right-hand sided Erdélyi-Kober fractional integral operator.
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Proof. The proof is partitioned into the three lemmas in which the required partial deriva-

tives of u(z,y,t) and v(z,y,t) of orders «, 3,y > 0 are described:

Lemma 5.6. The partial derivative 0w of fractional order o > 0 is obtained by the

following expression:

O = (30010 (PLEOT ) () (5.41)

with the extended left-hand sided Erdélyi-Kober fractional differential operator (73(?1’7032)

defined by (537) and (5-38).

Proof. First of all, in the case n —1 < a < n for n € N, the Riemann-Liouville fractional

derivative Oy'u is as follows:

w|Q

¢
o, " 1 n—a-1_%5(38-v-6) -
atu_(?t" (F(n—a) O/(t T) T F(xt

,yT_g)dT) . (5.42)

Taking p = f, it can be written as follows:

o
atn

a,,
Ofu =

(tn—a+§(35—7—6) (Iclg-t;;(?,ﬁ—'y—fi),n—aF) (p7 Q)) , (543)

1+£(38—y—6),n—a 1 T n—a—1 —(n—a Q33 ~_ a a
(lC oo F) (p,0) = s [(p=1)" ot e (T, g ap,
I'(n —a) /
(5.44)
The result (5.43)) holds also for &« = n € IN, because the definition (5.38)) implies the
following;:

(’Cljy';;(?)ﬂ_’y—fi)m—aF) <p7 Q) — F(pa Q) (545)

For p = p(z,t) and o = p(y,t) given in (5.35)), the chain rule for differentiable functions

of the form ¢(p, 0) gives the result given by

a 0p « 0¢

0
taﬁé(% 0) = —5087) - gQ%- (5.46)
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In view of (5.46)), the right hand side of (5.43)) can be obtained as follows:

otn—1 3 3"0p 3 0o

a n 8 a + & —~v—6).n—«
= -t 60 H<1+J—a+ (38—~ — 6)—%*—%@ )(/Clas?(gﬁw)’ F)(

=0 370p 3 0o
— 50 (B0 ),
(5.47)
Hence, completing the proof of Lemma. n
The following lemmas can be proved in the equivalent manner:
9%u v

Lemma 5.7. The partial derivatives of fractional order 3 > 0 ie. 35 and 55 are

derived by the following expressions:

aﬂu — t%(35—7—6)x—5 (Dl_’i;BF) (p7 Q),

x

(5.48)

T

Py = ¢506-3) =5 (D ﬁﬁG) (p7 Q),
with the extended right-hand sided Erdélyi-Kober fractional differential operator (D§f(52)

defined by (539) and (5-40).

Lemma 5.8. The partial derivative of order v > 0 namely % is as follows:

Ojv =57y (DY G) (p, o), (5.49)

y

where (Dgf 52) is the the extended right-hand sided Erdélyi-Kober fractional differential
operator defined by (5.39) and ({5.40)).

Using the Lemmas given before, it can be concluded that the ANNV system (5.27)) reduces
into the system ([5.36) of fractional (141)-dimensional PDEs, completing the proof of

theorem. O

o1 o 306—~v—6 0 0 2(38—y—6),n—a
[tn—a+3(36—7—6)—1 (n — a4+ Oé( B 7 ) _ gp* . EQ ) <’C13J’r33 (38—v—6), F) (P, Q)] 7
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5.3.2 Fractional 3D Burgers System

The studied fractional Burgers system is of the following form:
Ofu — 2udju — QUﬁfu - Zwé?gu — Uy — Uyy — Uzy = 0,
O — v =0, (5.50)
Pu — dyw = 0.
The (3+1)-dimensional Burgers system ((5.50)) for « = f = v = § = 1 has already been
investigated for their symmetries [I31] and for conservation laws [I]. Here, the point
symmetries for fractional Burgers system ([5.50)), in case of 0 < «, 3,7, < 1, are going to

be derived. Let the system ({5.50]) admits the group of transformations with the following
symmetry generator:

V =&z, y, 2, t,u,0,w)0, + &¥(z,y, 2, t, u,v,w)0, + (2, y, 2, t,u,v,w)0, + 7(x,y, 2, t, u, v, )0,

+ 77(',’67 y? Z? t? u? /U7 w)a’u + ¢(x7 y? Z7 t? u? U? w)av + ’l/}(x7 y? Z? t? u7 U? w)aw'
(5.51)

The invariance criterion takes the following form:
[ = 2un™ — 298] u — 207 = 200 u — 2un™* = 200u — 0" — " —1*)|Ez0) = O,
7" = 6|z = 0,

[n** — 47| Ezm) = 0.
(5.52)

Inserting the prolongation formulae and equating the coefficients of linearly independent
variables to zero, the over-determined set of FDEs and PDEs can be obtained. Solving

the set of determining equations, the derived symmetries are as follows:

1T c 12 cit
€x=17+62, €y=17y+03, €Z=%+C4, T=i+65,
_ (7—2> e (P22) p e (022 (5.53)
n=cu 5 , = v 5 , = cw 5 ,
where ¢; (i = 1,2,3,4,5) are arbitrary constants. The symmetries reported in Ref.

[131] in case of « = B = v = ¢ = 1 for the system (5.50) are different. In fact, the
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symmetries (5.53)) are a particular case of those obtained symmetries. Continuing further,
the conditions £7(0) = £¥(0) = £#(0) = 7(0) = 0 imply that the symmetry generator is as

follows:

T Y 4 L -2 p-2 -2
V—28m+20y+23z+a3t+u< 5 >8u+v< 5 )&,—i—w( 5 >8w, (5.54)

since for nontrivial solutions, ¢; # 0 implies § = v = §. The associated similarity

solutions are obtained in the following form:
_a _a _a _af=2)
0, =at" 2, Oy=yt 2, O3=2zt"2, F=ut"" 2z |,
(5.55)

_a(s-2) _a(s-2)
G=vt""2 |, H=wt "2

Using these solutions, the Burgers system can be converted into a system of (2+1)-
dimensional FPDEs presented in the following theorem:

Theorem 5.9. The system (5.50)) of FPDEs can be transformed into the following (2+1)-

dimensional fractional nonlinear system as follows:

a(ﬁ*‘l)a _ _ -~ _
(PE's 7 "F) (01.62,00) = 20,7 (DU F) (01,62,63) — 26607 (DIZLLF) (61,62,60)

- 2H6§B (Do_o[,tg,lF> (917 02, 03) - F916’1 - FQQ@Q - F9393 - 07

0;° (LS F) (01,02.05) — 0,7 (DY G) (01,05, 05) = 0,

00,1,00

00,1,00

0;6 (D;o[?ég,lF) (91, 02, 63) — 9;6 (Diﬁﬂ H) (817 927 93) = 07
(5.56)

where (Pgl’?g%%) is the extended left hand sided Erdélyi-Kober fractional differential oper-
ator [107), 128] defined as follows:

m—1

1 0 1 0 1 0
G . s T - - (tam—a
(P51,52,53h) (217 22, Z3) = ]1_](:) (C + J 51 Z1 821 52 zZ2 622 53 Z3 823> (IC51,52,53 h) (Zh 292, Z3)7
(5.57)

for z; >0,6; >0, >0 and
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where

ey J (s — 1)0‘*18*(<+a)h(zlsi, ZQS%, 233%)&9 if a >0,

3

<IC‘51 d2 63h> (21, 29, 23) 1=
h(z1, 22, 23) P
(5.58)

is the extended left-hand sided Erdélyi-Kober fractional integral operator. Also, (Dgf(;m%)
is the extended right hand sided Erdélyi-Kober fractional differential operator [107, 128§]
defined by

il 1 9 1 0 1 0
.8 C+Bm B

(5.59)
for z; >0,6;, >0, 8>0 and
[B]+1 ifB¢N,
m =
g if p €N,
where
;1 Bo1.c 1 1 1 .
. —ﬁ)f(l—s) SSh(z18°% , z98%2 , 238% )ds if >0,
(Z55, 51) (21, 22, 28) = 0 (5.60)
h(z1, 22, 23) if8=0
is the extended right-hand sided Erdélyi-Kober fractional integral operator.
Proof. The proof is similar to Theorem [5.5] O]

5.3.3 Fractional 3D Navier-Stokes System

In this subsection, the primary focus is on implementing the Lie group method for
determining the point symmetries for the fractional order Navier-Stokes system as follows:
Ofu + udPu + vO)u + wu 4 0%p — Uy + Uy + u..) =0,
O v + udv + v v + WV + Jp — [1(Vyy + vy + V22) =0,
(5.61)

0w + udiw + v w + wIW + Op — p(Way + Wyy + W) = 0,

Ou+ v + Ow = 0.
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The symmetry analysis of the Navier-Stokes system fora=0=~v=9§d=11is
very well known [29]. For fractional Navier-Stokes system (5.61)), assume the admitted
symmetry generator is of the following form:
V =&z, y, 2, t,u,v,w,p)0; + &(2,y, 2, t,u,v,w,p)0, + £ (z,y, 2, t,u,v,w,p)0,
+7(x,y, 2, t,u, v,w, p)0 + mi(x,y, 2, t, u, v, W, P) Oy + Ma(x, Y, 2, t,u, v, w, PO,

+ 7]3(‘7“7 Yy, z, t? u, v, w7p)aw + 7)4(% Y, z, ta u,v, w7p)ap'
(5.62)

The invariance criterion can be written as follows:

«, X , 6,z X Tx 2z
[+ un)™ + mOu+ on¥ 4+ me0)u + wnt® +nsdou + )" — p(nt* + ¥ + 0|l Eey = 0,
05" + uns ™ + molv + vnd” + m0Jv + wiy + 03000 + 0l — ulns® + 18 + 139 gen = 0,
«, T , 0,z 6,z Tx 2z
05"+ uny™ + mow + ond ¥ + mdjw + wny® + 00w + 0y — p(s” +ng¥ + 03l gen = 0,

7" +n3Y + 037 ge = O
(5.63)

After substituting the prolongation expressions and equating the various coefficients re-

sults in the following set of determining equations:

§ =8 =8=6====0,

§=8=¢=0=8=¢==0,
G =8G=8=8=86=8==0,
T =Ty =T, =Ty =Ty =Ty =Tp =0,
2, —ar =0, 2§y —ar, =0, 2§ —arn =0,
Mo =Mw="Tp=0, Nou="n2w="12p=0,
M = M0 =Mp =0, Ny = My = Naw =0,

Muuw = M2,00 = NMBww = 07 2771,mu - 27]2,3311 - 27]3,:1710 - 5;957

2nl,yu = 2772,yv = 2773,yw = fé’y,
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z

2771,zu - 2772,211 - 27]3,7;1}.} = Gz
m=u(BE —an), m= v(v&}j —am),

ng = w(0& —ar), My = 2(6E — an),

)
5
=
|
I
o))
~+Q
I
“H
2
+
I
/N
&2,
33
[
|
I
2,
=
®
N——
+
(o4
/N
Q
2
=
|
i~
<3
=
®
N—

+ (55 n — pdy 774,p) — 1 (M ez + Mgy +M,22) =0,

0;'ng — vOy N2,y + u (85772 — v@fngm) +wv ((3;772 — vﬁgng,v> +w (82772 - va‘gng,v)

- (8:3774 - pﬁ;m,p) — 1 (M2zz + Moy + M222) = 0,

Oy — w0+ (95ns — w0 ) + v (915 — w3 ) + w (92ns — W )
+ (83774 - pag774,p) — 1 (Mw + M3y +M3.22) = 0,

O — uddm . + Oym2 — vO) M2, + 3 — WAz, = 0.
(5.64)

On solving these equations, the infinitesimals can be derived in the following form:

.  ax c ., CZ cit cu(f —2
1S :17—1-02, §y=712y+03, & :—; + ¢4, T:—; + cs, 771:71 (62 )7
au(y—2) caw(d —2) oLy =107 A
= - Y — — 92
A OO

(5.65)
where ¢; (i = 1,2,3,4,5) are arbitrary constants, A(t) being an arbitrary function of
t. Apparently, the generated symmetries (5.65) for 0 < «,3,7,0 < 1 are particular

case of the symmetries for integer order Navier-Stokes system [29]. Using the conditions
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€7(0) = &¥(0) = £#(0) = 7(0) = 0, the symmetry generators of the Lie group for system

(5.61)) are as follows:

Ty Y Ey b uB—2) 0 w(-2),  w(f-2)
281—1-2@—1—233—#@@,—# 5 Oy + 5 Oy + 5
Py BB AL

rey

aw +p(6 - 2>8P7

Voo =
(5.66)

because for nontrivial solutions ¢; # 0 gives § = v = §. Next the reductions for vector

field V; are discussed. The associated characteristic equations for Vi are of the following

form:
dr dy dz dt du dv dw dp (5.67)
T Ty Tz LT w(B-2)  wE-2  w@-2 ' '
Ty T T T T W T wED T Wl T (g 9)
Integrating these equations, yields the following invariant solutions:
_a _a _a _a(f=2)
op=uxt 2, oo=yt 2, oz3=2z2t 2, F=ut""2 |
(5.68)

G Ut_an—z)7 " wt_a(ﬁ2_2), J— pt—a(ﬂ—Q)'

Theorem 5.10. The similarity transformations (5.68) reduce the system ((5.61)) into the

following nonlinear system of (2 + 1)-dimensional FPDEs:
+26, 8.8 -8 8.8
(P2 22 F) (0170270_3)—{_0-1 F(Dl F) (0—1702703)+0—2 G<D00100F> (0_1a0—2703)
+ O'_BH ( 50,00 1F) 01,02,03) + 01 (Dl g J) (01,09,03) = 1t (Foyo + Foyon + Flrgoy) = 0,

Crry

2
a

aG) (0'1,0'2,0'3) + 01 ﬁF (Dl foﬁooG> (0'1,0'2,0'3) + 09 ﬁG (Doo 1 ooG) (0'1,0'2,0'3)

Q\Lo

2
a’

=+ O.*IBH (D ﬁﬁlG) (0’1,0'2,0'3) —+ 0’55 (Doo 1 ooJ) (0'1,0'2,0'3) — M(Galgl + Go'gag + GO.303> = O,
a(ﬁ 4)
(PT_ 2 H) (0'1,0'270'3) +0' BF (Dlﬁﬁ H) (O'1,0'2,0'3) + Oy BG (DoolooH> (0'1,0'2,0'3)

+ (776H (D 651[{) (017027U3> + 03 (Doooo 1J> (01702703> — W (H0101 + H0202 + H0303) = 07

(Dl BB F) (01,09,03) + 04 (DooﬁlﬁooG> (01,09,03) + 03_6 (D;féfJH) (01,09,03) =0,
(5.69)

where (7?§1’f32,53) and (Dgfamg) are the extended left and right hand sided Erdélyi-Kober

fractional differential operators defined by (5.57) and (5.59) respectively.

Proof. The proof is similar to Theorem [5.5] O
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5.3.4 Fractional 3D Incompressible Non-Hydrostatic Boussinesq

Equations

The fractional (341)-dimensional nonlinear incompressible non-hydrostatic Boussi-

nesq equations are as follows [156]:
1
O%u + udlu + vdju + wdu+ -p =0,
a
1
v + udPv + vdv + wdv + —0)p =0,
a
a 3 5 Los g7
Ofw + ud,w + vdjw + wd,w + —d;p — o =0, (5.70)
a
T + udlT +vd)T + wdlT + (Ly — T)w = 0,

OPu + v+ Pw =0,
where a,g,b, T4, T are constants [I56]. Let the system admits Lie group of trans-
formations with the following symmetry generator:
V =&(z,y, 2, t,u,0,w,p, T)0, + & (2, y, 2, t,u,v,w,p, T)0y + & (2, y, 2, t, u,v,w,p,T)0,
+7(x,y, 2, t,u,v,w,p, T)Oy + mi(z,y, 2, t,u, v, w, p, T)O0, + n2(x,y, 2, t, u, v, w, p, T)0,

+ 773('7:7 Y, z, t? u,v,w,p, T)aw + 774(% Y, z, ta u,v,w,p, T)ap + 775<33, Y, z, ta u,v,w,p, T)aT
(5.71)

Further, the invariance criterion of the Boussinesq system ([5.70)) is obtained as follows:

a,t B X ~ ¥,y 1) 0,z 1 B,x =0

[0+ muy +uny + nau) + g + nzul + wny” + L |l ;
(e €T z 1

(05" o+ ung ™ + vy + ond? + nsvl +wny” + —n}l|gm =0,
(6} X z 1 z g

" ™ o+ npw) - ond + nwd +wi + i = Sl g =0, (5:72)

05 + mTL +und™ + Ty + ond¥ + nsT? + wig® + dins]| gz = 0,

T , 0,z
[+ m3¥ + 03"l gmm) = O
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where I'y — I' = d;. By using the prolongation formulae and comparing the coefficie

of alike differential coefficients, the determining equations can be obtained as follows:

§ =8 === =8=§ =& =0,

G===8a=84=86=,=4=0,

T =Ty =T, =Ty =Ty =Ty =Tp =T =0,

Mw = Mw="Mp="m71=0,

M2 = M2w = N2p = N2r = 0,

M3 = M3w = N3p =31 =0,

Mau = N = Naw = Mar = 0,

M5 = M50 = M0 = Ns,p = 0,

1) Dty neN,
) n €N,
)Dg“gy, nen,
)D”H{Z, necNN,
Map = M+ B8 — ame =M +79E) — aTy = 3 + 0§ — aTy,

P — M+ (7 — udim ) +v()m — udim )

+w(0m — udlm ) + i(afm — pOina,) = 0,

e — VO + w(D7ns — v M.0) A V(D12 — VI 2,0)

w(@ns — v0m) + - (Oms — pday) =

073 — w0 3.0 + (D)0 — W3 W) + V(D13 — WD)N3)

1
F (@ —wdlns) + (O~ pdniy) + 5T (s — am) = o =0
(5.

nts

73)
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0ns — TOynsr + w(0ns — TOIns.r + v(0)ns — TO)ns 1),
+w(@ns — TOnsr) — dvw(nsr — ar) + dins =0,

a5771 - Uafﬁl,u + (53,7772 - 033772,7)) + (83773 - w@fn&w) = 0.

On solving the above system systematically and using the conditions £*(0) = £¥(0) =

€*(0) = 7(0) = 0, the infinitesimals are obtained as follows:
550:@7 5?/:% 5z:% T=c5t, M :U(Cl—@CS),

/8 ”}/’ 57

xﬂ—ly'y—l
N2 = U(Cl - aCS)a N3 = w(Cl - 0405% Na = 229(01 - ac5) +

WA(ZJ), (5.74)

£$6_1y7_1 (Al
ga T(B)T(y) = A0

such that the following two conditions hold:
0 02(A(z,1)) =0,
b af-1y1 (5.75)

ns = T(c; — 2acs) +

2dyacs + — 20—’ (A(z,t)) = 0.
ETITE e
Simplifying ((5.75)) implies the following:
OfO2(Alz, 1)) = 9202 (A(2,1)) = 0, (5.76)
and either d; = 0 or ¢5 = 0. Solving the condition ([5.76) gives A(z,t) = u% where

i is an arbitrary constant. Therefore, the explicit form of the symmetries is derived as

follows:

1z
=—, T=ucst, m =ulc; —acy),
:L.,Bfly'yfleéfltafl

D(@)T(B)T(v)T(26)”

ne =v(cp —acs), n3=w(cy —acs), ng=2p(c; —acs)+ p

b Iﬁfly'yflzéfltafl
=T(c; — 2acs) + p— ,
s = Tler = 2a¢s) + 4 S BT O)

(5.77)
for ¢; and c5 being arbitrary constants. The infinitesimal operator is obtained in the
following form:

cr 0 n clyg c1z 0 0 0 0 0

— — 4 et— Fuley — 0405)% + (e — acs) — 4+ w(ep — acy) —

B or  ~ dy & Oz ot v ow
lﬂ*lwalz%*lta*l o b xﬁfly'yflzé—lta—l o
+ <2p(01 — acs) + NF(a)F(ﬁ)F(y)F(Zd)) o + <T(c1 — 2acs) + MgCLF(Oz)F(ﬁ)F(v)F(5)> T

(5.78)
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Therefore, the symmetry generators spanning the associated Lie algebra are obtained as

follows: . .
= Eax + gay + gaz + w0y + 00, + WOy, + 2p0, + Tr,
f)/
Vo = 0, — aud, — avd, — awd,, — 2apd, — 2a10r, (5.79)
-1, ~v—1 2571{;&71 b B8-1,~v—1 éfltafl
V:J: Yy Tz 8+—$ TR 0.

T (BT(1)I(20) 7 gaT(a)T(B)T(y)I(6)
5.3.4.1 Symmetry reduction associated with

The differential invariants associated with the generator V; can be obtained as follows:

0, = 2Py, Oy =2P270 O3=t w=2"F, v=2F, w=2"F;, p=a¥F, T=i"F,
(5.80)

which allows the considered system to reduce ([5.70)) into a lower dimensional system with

dependent variables F;(6y,0s,03), i = 1,..,5, described in the theorem below:

Theorem 5.11. The similarity transformations and similarity variables reduce

the Boussinesq equations into the following (2 + 1)-dimensional nonlinear system
of PDFEs of fractional order:
0, (D22 \Fy) (61,62, 65) + Fy <Dﬁﬁl o) (61,02,65) + 005 (PY27FL) (61,02, 60)+
0Py (PLILF) (01,6, 60) + (D?gmﬂl) (61,0, 05) = 0,
o7 (D5 Mle) (61,62,09) + F1 (DY,
0Fs (PLI% ) (
(

(0 P
9 (D aa1F3> 9 02793)+F1 (D%1
(0 P

(01,02,05) + 01 F» (771 s F2> (01,02, 05)+

0
1,62, 63) +El < (01,065,065

Gy )
,;,ZOF4) ) =0,

o OOFg) (01, 02,05) + 0L (Pi,;’,loFg) (61,0, 05)+
,é,oon;) (61, 65,03) — %F5 o,

F) (

92F3( P Fz) 1,02, 03) +< ;:5’5

,O0

03 ( oooolF5) (01,02,63) + F4 <D 01,02,03) + 0,1 (771 ;7 Fs) (64,05, 05)+

11
BB’

0o F5 ( P90 5 ) (01,05,05) + di F3 = 0,
B
1
i

F1> (01, 09,03) + 6, (Pl_;zoFQ) (01,09, 03) + 02 (731 » F3> (01, 0,,03) =0,
(5.81)



Chapter 5. Higher Dimensional Nonlinear Systems of Fractional Differential Equations 123

where (P§;f§2,(53) and <D§f52753> are the extended left and right hand sided Erdélyi-Kober

fractional differential operators.

Proof. The Riemann-Liouville fractional derivative of u = 27 I (6, 64, 03) with respect to

t for « — 1 < n < « is written as follows:

e~ otn

I'n—«

o n t
0w _ 0 l 1 ) / (t — 8)"_a_1m/3F1(x5y_7,xﬂz_é,s)dsl : (5.82)
0

Taking A = #, it is converted into the following:

0%u o e 1
B _ yW\n—a—1
ot~ " om [ I'(n—a«) /o 1=2 F1(91,(92,/\93)d)\] ’

(5.83)

— Baat [t” @ (IgooolF1> (91,92,93)} ;

using the definition of (I§ # h) in ((5.60). Further, for any differentiable function (6, 62, 63)

using relations ([5.80]), the following must hold:

R
tor = Pgg. (5.84)

Then the expression ([5.83) is simplified into the following:

aa an ! sn— Ot
u [tnal (n—a+93803> (z2ra )(91,92,93)],

ote 815” 1
= ... (5.85)
= Bt_aﬁ Oé—i—]—l—@g 8 ) Igon C;Fl (91,62,93).
vt 00,
Hence, the following result holds:
aa: = .CCBt (D aalFl (91,02,93). (586)
ot

Following the same procedure, the following derivatives of u of fractional order can be

easily obtained:
8BU == (ID?BI OOF> (01762793)
55"

avu = xﬁy 7 ( _'7'7 Fl) 01762)03)7 (587)

U*x -0 i ) (61,04, 03).
167

,O0
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Proceeding in the same way, for v = 2°Fy(0,,0,,05), the fractional derivatives can be

obtained in the following form:

8?11 — xﬁt*a (D;Oa,alFQ) (01, 62, 93),

,O90,

851} = (D%’,ﬁé,oon) (91, 027 93)7

(5.88)
Oy =’y (P}_;Zof@) (61,62, 63),

Pv=alz° (Piof’iof*—é) (6,05,05).
767

Similarly, the required fractional derivatives of w,p,T with respect to z,vy, z,t can be

easily calculated, completing the proof of the theorem. n

5.3.4.2 Symmetry reduction corresponding to V;

The similarity solutions and similarity transformations corresponding to generator V5

are obtained as follows:

o=z, 020=Y, 03=2, u=FIt" v=Ft""
(5.89)
w=Ft™® p=Ft % T =Ft >

The system ([5.70]) is reduced into a system of FPDEs in new variables F;(g1, 02, 03) =
Fi(z,y,z) for i =1,..,5, presented below:

Theorem 5.12. The similarity transformations (5.89)) reduce the Boussinesq system

(5.70) into a (2 + 1)-dimensional nonlinear system of FPDEs in the following form:

Cﬂ+ﬂ%ﬂ+&@ﬂ+&@ﬂ+i%ﬂ:@
CR+E%B+R@R+&@R+$@H:Q
C&+E%&+E@&+&@&+i@&—i&z& (5.90)
C'F5 + F100Fs + F20) Fs + F300F; =0,

O0Fy + 0 Fy + 00 F3 = 0.

where C' = &(11:202), C'= ?8:33 and cs # 0 implies d; = 0.
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Furthermore, the invariant analysis of this reduced (2 + 1)-dimensional system ({5.90))

and the conditions £7(0) = £¥(0) = £#(0) = 0, lead to the following infinitesimals:

kix k kyz
=" = ﬂ, =" m=kF, np=kF n=hkhi,
& 7 g 5.91
2= lyr—1,0-1 (5.91)
=2k Fy+ ky———— =k F:
where k; and ko are arbitrary constants. The symmetry generators are as follows:
x Y z
‘/11 - Bai + 583/ + gaz + FlaFl + F28F2 + F38F3 + 2F48F4 + F58F5,
pBLyr=1,0-1 (5.92)
Vis = ———————0p,.
T (I6) "
Associated with the generator V7 yields the following invariant solutions:
pr=a Py, pp=a"" F=1°Gy, F=2a"G,,
(5.93)

F3 = l’ﬁGg, F4 = I2BG4, F5 = l’ﬁG5.

Consequently, the reduced (2+1)-dimensional system ([5.90)) is further reduced as follows:

Theorem 5.13. The (2+1)-dimensional system (5.90)) is reduced into a (14-1)-dimensional

nonlinear system of FPDEs in variables G;(p1, p2) as below:

CG1+ Gy <73}3’2G1> (p1,p2) + p1 ' G2 (DTZ;JGJ (p1,p2) + py ' Gs (D;j’fGQ (p1,p2)

1
2 (PLE9G) (o) =0,

a

CGy + Gy (lei’éG2) (p1,p2) + PI1G2 (Dll’gGQ) (p1:p2) + PEIG:& (DOO(TE;G2> (p1: p2)
-1

+ % (DIL’ZG4> (p1,p2) =0,

CG; + Gy <P;’i G3> (p1:p2) + py ' Go <DT1’§ G3) (1. p2) + p3 " G (D;‘fst)) (p1, p2)

+ 2 (D;6’5G4) (p1:p2) — JGs =0,
a s b

C'Gs + Gy <P;’éG5> (p1, p2) + p1 G2 (DT7£G5> (p1,p2) + P3G (D;f’fC%) (p1,p2) =0,

(Pz’éGO (1, p2) + p1 (DIZ}’;’G2> (1, p2) + Pyt (D;j’({:G3> (p1,p2) = 0.
(5.94)
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5.3.5 Fractional 3D Incompressible Boussinesq Equations with
Viscosity
The fractional (341)-dimensional nonlinear incompressible non-hydrostatic Boussi-
nesq equations with viscosity is as follows [125]:
O + udlu + vI)u + wdlu + i@fp — V(Ugg + Uyy + usz) =0,
O v 4+ udv + vdJv + wdlv + ;8;}9 — V(Vgy + Vyy + v25) = 0,

1 T
Ofw + ud’w + vojw + wlw + —p — 97 V(Way + Wyy + W) = 0, (5.95)
a

b
T + udlT +vI)T + wdlT + (Ly — T)w = 0,

OPu + Ov + Pw =0,
where a, g,b,T'y,T', v are constants [125]. The invariance of the system (5.95) with the

associated symmetry generator of the form (5.71)) gives the following conditions:
1
a, »L ) 67'2 5T Tx zZ
(%" + muul) + un)™ + nau) + v + naul + wny® + S = O it i) ) = 0,
1
() »L ) 0,2 , T 2z
(5" mvg + w™ + vy + ond ¥ 4 g+ wny” + -0l — (5" + 15" + 7))l g = 0,
ot B T 04 7Y 5 9,2 1 0z g9 (T Yy 2z -0
(157" +mwy + wig™ + g +ong? sl +wny” + —ng = s — (057 + 15" +057)] | gmg) = 0,
05" + mTY + unf ™ + Ty + on” + nsT? + wi® + dins]|gag) = 0,

0" +n3Y + 03" gog) = O
(5.96)

Solving the corresponding determining equations, the Lie point symmetries can be cal-

culated as follows:

n1:01u<§—1>, 772261U<§—1>, ngzclw<g—1>,

B toa—lx,é’—lyﬁ—lzﬂa_l B ﬁ
5.97

b o lgf—lyf—1,6-1
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where o, c¢; are arbitrary constants. For nontrivial solutions, the constant ¢; # 0 implies
g =~ =90 and d; = 0. Hence, the associated Lie algebra is generated by the following

symmetry generators:

_ o 1 Yg o4t s s s

2
B
+p(B-2)0,+T| 5 —2)0r, (5.98)
B—1y,8-1,26-146-1 b pB—1yB—1,6-145-1
V=Y 2 N — ar.
I'(8)T(26) ga I'(8)

The similarity solutions corresponding to the generator V; in (5.98|) can be easily calcu-

lated in the form as below:

G = It_Q, Gy = yt_§7 3 = Zt_i,

a(B 2) a(B=2)

uw=Ht" L v=H* "2 |, w=H%"

a(ﬁ 2) a(B=4)
2

. p=HY%0D ) T = g%
(5.99)

Using these invariant solutions, the reduced system is presented as follows:
Theorem 5.14. The (3+1)-dimensional system (5.95)) is reduced into a (2+1)-dimensional

system of FPDEs with new dependent variables H'(s1,2,53), (i = 1,..,5) in the following

form:

a(B—4) ~ ~
<P1+ 7 Hl) (s1,52:53) + 51 TH' (DUZEHY) (1,62, 53) + 55 H? (DU HY) (61,62, 53)

2 2
a’a

+ G o (D ﬂﬁlH)(§1,§2,§3)+§1 (Dlﬂ’g H)(<1,§2,§3) (Hl + H! + H}

G161 G262

a a’a

o) B ~
(Pﬁf H2> (61,2,58) + i "H' (Di R0 H?) (51,2, 68) + 3 P H? (DL H) (s, 52, 63)

—i—(ﬁH3 (D ﬂﬁlH ) (§1,§2,§3)+§5 ( ooloo ) S1, 62, S3) (Hfm +H<22<2 +H<23<3) =0,

1 a(ﬁ 4) _ —
<732+ H3> (s1,%2,63) + 61 ‘! (D1,ffooH3) (S1562,53) + 6 ,H? (DOO 1 OOH ) (61,2, 5) =

+ PHY (DS H?) (1,52,5) + 557 (DRI HY) (1, 50,3) — v (HE, + HE, + H?

S161 6262

04(3 4)
(P2 H5> (61552,58) + <1 H' (Difé,ﬁooH5> (51, 62,53) + 53 " H (Doo i ooH5) (S1,52,63)

a’a’a

+g_BH3 (D BﬁlH)(§1,§2,§3) =0,

" (DIELHY) (s1,92.6) + 27 (DR H?) (s1,62,53) + 537 (DL HP) (61,2, 68) = 0.
(5.100)

c3§3) - 0’

<3<3) - 07

915
-H
b
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5.4 Conclusion

The present chapter establishes generalized prolongation formulae for determining Lie
group symmetries for systems of FDEs with Riemann-Liouville fractional derivative. The
general group classification approach is proposed based on the extension of pioneer works
on symmetry analysis for FDEs. The comparison of the suggested formulae with the
formulae given by some recent works is provided and shown that the formulae presented
in previous chapters are particular cases of our proposed formulae. Further, the Lie
point symmetries of five fractional nonlinear systems of PDEs have been investigated.
Using the derived symmetries, their reductions into lower dimensional fractional nonlinear
systems of PDEs involving the left and right hand sided extended Erdélyi-Kober fractional

differential operators have been obtained successfully.



Chapter 6

Variable Coefficient Time Fractional
Nonlinear Systems of Partial
Differential Equations

6.1 Introduction

The study of nonlinear differential equations with variable coefficients is very
important, because they have widespread applications in physics, such as propagation
of nonlinear dispersive waves in inhomogeneous media [I80]. However, the FDEs with
variable coefficients are not widely discussed using the symmetry approach due to the
complexity of calculations involving the nonlocal fractional differential operators. The
symmetry analysis of only few variable coefficient single time fractional PDEs [130] has
been discussed in literature. The novelty of this chapter follows from the fact that the
symmetry method has not been applied to higher order variable coefficient time fractional
nonlinear PDEs and time fractional nonlinear systems of PDEs with variable coefficients
so far. The main objective of the chapter is to investigate some physically significant
higher order variable coefficient nonlinear time fractional PDEs and some variable coef-

ficient time fractional nonlinear systems of PDE with the help of Lie symmetry method.

The contents of this chapter are communicated in SCI journal.

129
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The outline of this chapter is as follows. Section is devoted to the deriva-
tion of infinitesimal symmetries and similarity reductions of two time fractional nonlinear
PDEs namely time fractional KdV-Burger-Kuramoto equation and time fractional sev-
enth order KdV equation. Section deals with the symmetry analysis of three time
fractional nonlinear systems with variable coefficients including the variant Boussinesq
system, the coupled KdV system and the Hirota-Satsuma coupled KdV system. The last

section presents the conclusion of the chapter.

6.2 Symmetry Analysis of Variable Coefficient Non-

linear Partial Differential Equations

The purpose of this section is to present the application of Lie symmetry method
to two important higher order time fractional nonlinear PDEs with variable coefficients.
Here, the considered PDEs are investigated for their explicit Lie symmetries and reduc-
tions into FODESs in terms of Erdélyi-Kober operators.

6.2.1 Time Fractional KdV-Burgers-Kuramoto Equation

The time fractional fourth order KdV-Burgers-Kuramoto (FKBK) equation [6l, 60]

with variable coefficients is as follows:
O u + a(t)uu, + b(t)ug, + c(t)usy + g = 0. (6.1)
Let the system admits the following infinitesimal generator:

X =&(x,t,u)0p + 7(x,t,u)0 + n(x, t,u)0,. (6.2)
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The invariance criterion for FKBK equation (/6.1]) can be written as follows:

= 0.
(6.1)

(6.3)

1%+ alt) (s + wn™) + bE* + c()n* + 7 (¢! (uty + Y (H)uze + ¢ (t)ug,) + "]

By substituting all the extended infinitesimals and comparing the coefficients of various
derivatives and powers of u, the following system of nonlinear PDEs and FPDEs can be
obtained:

gtzgu:()? Tz:TuZO, nuuzoa

L

b(t) (O”_t - 2§z) + Tb/(t) + 3C(t)(77:vu - §x$> + (6nwxu - 4§xwz> - Oa
c(t)u (am — 3&,) + 7 (H)u + (4npy — 6&42) = 0,

o'n — udyn, + a(t)un, + b(t)Nee + c(t)uniee + Nae = 0,
(6.4)

where primes (') denote the first order derivatives. On solving these equations and using

the required condition 7|,—9 = 0, the derived symmetries are as follows:

t
§:Cf+027 T:C;ta 7]:03u7 (65)

where (', Cy, C3 are arbitrary constants such that the following conditions must hold:

a(t) <03 + 3?) + (?) d(t) = 0,

b(t) (Cl) + <Clt> V(t) =0, (6.6)

2 o

c(t) (?) + ((’st) d(t)=0.

The first order symmetry generator admitted by FPDE (6.1)) can be written as follows:
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The associated vector fields are as follows:

t
X1 = %ax + &@, X2 = (927, X3 = Uau (68)

Using the concept of optimal set [147, [150], the optimal set for generators has the
following components:

Xy, Xs+rX. (6.9)

Table lists the similarity variables, invariants, the variable coefficients for both these

generators of the optimal set.

6.2.1.1 Symmetry reductions of FKBK equation

The next step is to calculate the symmetry reductions for both the symmetry gener-
ators of optimal set.

For generator X, using the similarity variables and similarity transformation de-

scribed in Table , the FPDE (6.1) can be reduced as follows:

Theorem 6.1. The similarity transformationu = F(2) for z = x1™7 reduces the equation

(6.1) Yoo > 0 into the following nonlinear ODE of fractional order:
<P£_O"O‘F> (2) + a(FF')(2) + bF"(2) + cF"(2) + F"(2) = 0, (6.10)
where (Pia’o‘F) (2) is the Erdélyi-Kober fractional differential operator.

Proof. Firstly for n —1 < a < n (n € N), the Riemann-Liouville fractional derivative of

u = F(z) for z = 2t~ % can be obtained as follows:

g:j = 88; [F(nl—a) /Ot(t - s)”o‘lF(Q;sZ)ds] : (6.11)

Let w = i such that the above expression can be written in the following form:

ou o[ oo
I(

S = o ] /1 (w — 1)”_0‘_1w_("_°‘+1)F(zw3)dw] ,

noa (6.12)

e eger)e]
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where (ICE;”O‘F ) is the Erdélyi-Kober fractional integral operator.

The expression ((6.12)) also holds in case of & = n = 1,2, ..., since (IC§’OF) (2) = F(2).

Also, for differentiable functions 1(z) where z = xt~%, the following holds:

0

a d
top¥(2) = =2 ¥(2). (6.13)

Thus, the expression ((6.12]) can be simplified as follows:

a; [t” o <IC14” ‘“F>( )} _ g;__ll [t”“‘_l <n —a— Z&i) <IC1;{”_“F> (z)] . (6.14)
Repeating this procedure n — 1 times, it can be obtained in the following form:
o [t" o (K;i” op ) (z)] . (1 ot - zd> (K&"—QF) (2).  (6.15)
ot <0 4-d a
Substituting in , the final expression for the time fractional derivative is as

follows:

f‘;tg =t (P}lo"aF> (2), VYa>0. (6.16)

For the generator X, solving , the variable coefficients can be obtained in the form

given in Table[6.1] Therefore, it completes the proof. O

For generator X5+r.X7, the invariant solutions can be calculated in the form presented
in Table 6.1 Furthermore, following the steps of Theorem the reduced equation is

illustrated in the following theorem:

Theorem 6.2. The FKBK equation (6.1) can be reduced Yoo > 0 into the following
nonlinear FODE as follows:

(PEF) (2) + AF () + A(2)FP(2) + Ag(2)F'(2)

+ Ay (2)(FF')(2) + As(2)F"(2) + As(2) " (2) + F""'(2) = 0,
where A;(z) (i =1,..,6) have the following form:

wo=[F(=) G ()2 () G- 69

da 4 b 12¢ /4 16 /4 4
Ay(z) = —az?*l, As(z) = [821 + = ( — 1) 22+ 16 ( - 1) ( - 1) 23] ;
r

(6.17)

r T T T T

Ay(z) = azr, As(z) = {b—I— %z_l + 2 (4 - 1) 2_2} , Ag(z) = (c—l— 162_1> .

T r



Chapter 6. Variable Coefficient Time Fractional Nonlinear Systems of Partial Differential Equations 134

Table 6.1: Symmetry reductions of the FPDE (/6.1)) into nonlinear FODEs

Generators Invariants Ansatze Variable Coeflicients Reduced FODE
a(t) = at™ %
X, (xt™7,u) u=F(xt™71) b(t) = bt~ 2 FODE (6.10
c(t) =ct™%
(1+30)a
. . . a(t) = at T
Xs+rXy (at77,27ru) u=arF(zt™1) b(t) = bt=% FODE (6.17]
o(t) = ct™ %

6.2.2 Fractional Generalized Seventh Order KdV Equation

The time fractional KdV type equations arise in many processes of mathematical
physics such as theory of long waves in shallow water and plasma physics [51]. The time

fractional generalized seventh order KdV equation (FGSO-KdV) [159} [195] with variable

coefficients is as follows:

Ot u+a(t)uuy +b(t)ul +c(t) Uiyt e +d (1) u*use +e(t) gz, + f (1) Uptige+g(t) utisy +ar, = 0,
(6.19)
The invariance of FGSO-KdV equation ((6.19) under a one parameter group of transfor-

mations with generator of the form ([6.2)) gives the following condition:

{no"t + a(t)(SuQnux + u3n$) + 3b(t)ui77”3 + c(t) (Nugptipe + un g, + uumn%) + d(t)(2unus, + u27733”)

+ 7(a () uPu, + 0 () ud + ¢ () uugtpe + d () uus, + € () uspuse + F () uptiae + g (H)uus,)

= 0.
(6.20)

+ e(t) (7" ge + uaa™™) + F(8) (0 wse + 1uen™) + g(8) (s, + un®™) + 17|

(16.19)

Using the extended symmetry operators and equating the coefficients, the following non-

linear undetermined system of nonlinear PDEs and FPDEs are obtained:

gtzfuzoa T:E:TUIO, Nuw =

0,
_ @ 7 n+1
aTy — 76:1: - 07 <TL> 8t‘ Ny — ( )D 07
0,
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a(t)u® (am — &) + 3una(t) + 7a'(t) + c(t)unee + d(t)u* (3swu — &s2) + ()32

+ 9()u (50420 — &52) + (Moru — &) = 0,

b(t) (21, + ar — 3&,) + 7' (t) =0,

c(t)u (1 + am = 36) +ne(t) + 7 (O)u + €(t) (3naou — E32) + [ (1) (6nau — 4852) = 0,
d(t)u® (am — 36,) + 2und(t) +7d' ()u® + e(t)e + g(1)u (1070n — 10€5:) + (351400 — 21€5,) = 0,
e(t) (nu + ar — 5&,) + 7€' (t) =0,

f@) (e + am —5&,) +7f'(t) =0,

9(t)u(ar = 5&) +ng(t) + 79 ()u + (210seu — &32) = 0,

F®)ne + g®)u (5nzw — 10&4) + (351324 — 10€4,) = 0,

3b(t)ne + e(t)u (200 — &uw) + [ () (4030, — €aa) = 0,

c(tyun, + e(t)nse + g(t)u (10030,0 — 5€4z) + (21050, — 766z) = 0,

e(t) (2Neu — &oa) + () (Nou — 6&es) = 0,

a'n — udin, + a(t)uPn, + d(t)u’ns, + g(t)unse + nre = 0,

(6.21)
where 7;, = g%’}, Nizu = g;éz and &, = %. Solving the above system gives the
infinitesimals in the following form:

C Cht
gz%meCz’ T=—, n=_0Cu, (6.22)
o

where C7, Cs, C3 are arbitrary constants and the variable coefficient functions must

satisfy the following equations:

D
3
Q

+ o+
A/~ 7 N 7N/~

R
Q‘QQ‘QQ‘QQ‘
- ~ ~

>
—~
~
S~—
N
DO
&
+
f

(6.23)

W
Q
=

W
Q\]
+

~ ——— ~—
Q\
—~
~
N—
|
=

N

o
—
~
S~—
N
DO
e
_|_
N ——— N~
+

S
—~
~
SN—
/N
(]
&2
_l’_
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e(t) (03 + 271> + (Calt) e'(t) =0,
£ (05 + 22 + () ro =0,

o) (0 + 2 + (2 gt =0

The corresponding infinitesimal generators are written as follows:

t
V, = %ax + =0 Vo=0n Vi=udy, (6.24)

The optimal set is spanned by the following inequivalent symmetry generators:

In Table [6.2] the similarity variables, invariants, variable coefficients etc. for both above

generators have been listed.

6.2.2.1 Symmetry reductions of FGSO-KdV equation

The symmetry reductions for both the symmetry generators have been calculated in
the following theorems:

Theorem 6.3. The similarity transformation for Vi reduces the equation (6.19) Yo > 0

into the following nonlinear FODE:
(P%Q’O‘F) (2) + a(FPF)(2) + bF"?(2) + c«(FF'F")(2) + d(F*F")(2) + e(F"F")(2) + f(F'F"")(z)

+ g(FFI////)<Z> + F//””/(Z) — 0’

(6.26)
where <73%_O"QF) (z) is the Erdélyi-Kober fractional differential operator.
Proof. For vector field V7, the similarity solutions are obtained as follows:
r=at"7, u=F(z). (6.27)

Following the same procedure as in Theorem [6.1] it can be concluded that the following
holds:

0“u " 1.n—

- n—o 7,7L OéF
ota ot {t (’C : ) <Z)]
n—1 o a

= t_a H (1 — +j — 7Zaz> (ICETLQF) (Z), VOZ > 0.

J=0

(6.28)
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Therefore, the time fractional derivative can be written in left-hand sided Erdélyi-Kober

fractional differential operators as follows:

gtg =t (Pﬁa’aF) (), VYa>0. (6.29)

Solving the conditions ([6.23)), the variable coefficients can be calculated of the form given

in Table[6.2] Hence, it completes the proof. O

For generator V3 + rVi, the resulting invariant solutions reduce the FPDE (6.19)) into

a nonlinear FODE presented by the following theorem:

Theorem 6.4. For generator Vs+1rVy, the reduced nonlinear FODE Yo > 0 is as follows:

(P%a’O‘F) (2) + A1z F(2) + Agz%"r’FQ(z) + Agz%’?’FB(z) + 7:22:1F4(z) + Az OF(2)

+ Aszr M FF)(2) + Agzr 2F2(2) + Arzv " WFF?)(2) + Agzw 2(F2F)(2) + az (F3F')(z)

Aoz BER(2) + bz F3(2) 4+ Az SF"(2) 4+ Apzr 3(FF')(2) + Az Y(F2F")(2)

21
Azt 2 (FE)(2) + S0 EN2(2) 4 exF (FFF")(2) + Azt F" () + Az 2(FF")(2)
r
14 7
+ dzT(FQF///) (Z) + AIGz%—l(F/F///)(Z) + 62‘% (F//F/”)(Z) + A172’73F”//<2) + (:C 4 g> Z%—l(FF////) (Z)
49
_|_ fZ% (F/F////)(Z) + A182_2F,/”/<2) + gZ% (FF/////)(Z) + 7Z—IF1/////(Z> + F///////(Z) — 07
(6.30)
where A; (i =1, ...,18) have the following form:
823543 2470629 2941225 1764735 557032 86436 5040
Ar=—7—- 6 T 5 T T ’
r r r r r r r
49¢ (7 27 7f /2901 2058 539 42 16807 24010
oS ) T e S o) e
r2 \r r r r4 r3 r2 r rd r4
12005 2450 168\ 1 .
T T e T ) ZT
r r r
A 343b 343 49 d 343 147
358 *(‘) (—)
823543 1764735 1428595 540225 93982 5880
Ay=—F%—~- 5 T . L ’
r r r r r r
4 — 49e (245 84 7) n (12005 6174 N 931 42) N (12005 10290 N 2695 210)
T2 2 r r3 r? I\ r3 72 r )’
294e (7 216 1l4c 1470 147 7 147 21
Ay = <—1), A =0p Z00 g= +c(2—) d(2—>,
r r r r r r r r

Y

1372 588 56 352947 504210 252105 51450 3528
Ang(rg _— ), Al(): — ‘|‘ - ‘I’

72 r rd rd r3 r2 r
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1372 294 14 2058 294 3430 1470 140
All_e( 3 _2+)+f( 3 —2>+g< 3 2 +)’
r r r r r r r
7c  21d 441 21 294 42
App=—+ ; A13:€(2_>+f<2_)a
r r r r r r

84035 72030 18865 1470 49 7 7f 490 70
Ay = - + - ) A15=€<—>++9< >,

r4 r3 r? r r? r 72 r
14e 28 12005 5145 490 1029 147
Ag=—+ f7 Ar=—pg———F5+—, Az=—35——.
r r r r r r r
(6.31)
Table 6.2: Symmetry reductions of the FPDE ((6.19) into nonlinear FODEs
Generators Invariants Ansatze Variable Coefficients Reduced FODE
a(t) = at™% b(t) = bt~ 7
_4da g4
" (@t %,0)  w=F(zt%) ot) =ct”r,d(t) =dt” 7 FODE (6.26
e(t) =et™ 7, f(t) = ft 7
2a
g(t) =gt 7
a(t) = at=CTF)T b(t) = bt~ C+)7
Vs 41V, % 4t sy Q= TR A =arCrDE
3+7rVy (LIT , ru) uUu=xr (QZ ) e(t)—et (1+27T)%’f(t):ft_(1+277)% .
g(t) = gt~ +F)%

6.3 Symmetry Analysis of Variable Coefficient Non-

linear Systems of Partial Differential Equations

In this section, the Lie symmetry approach proposed in chapter [2|is applied to some
time fractional nonlinear systems with variable coefficients. The underlying idea is to
provide a systematic procedure to identify their infinitesimal symmetries and reduce the
time fractional nonlinear systems into inequivalent nonlinear ODEs of fractional order.
The details of determining equations and reductions for some systems are not presented

for brevity.
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6.3.1 Time Fractional Variant Boussinesq System

The Boussinesq equation [30] plays an important role in many branches of physics
such as vibrations in a nonlinear string. The exact solutions for integer order variant
Boussinesq system with variable coefficients have already been discussed by using the
Lie symmetry method. [I76]. The time fractional Boussinesq system [134] with variable

coefficients can be written in the following form:

07w + a(t)vy + b(t)uuy + c(t)ug, =0,
(6.32)
O v + d(t)uv, + e(t)vuy, + f(8)Vee + g()Ugee = 0,

where a(t),b(t), c(t),d(t),e(t), f(t), g(t) are arbitrary functions of ¢. Using the symmetry
method for time fractional systems of PDEs in chapter [2| the group invariance of system

(6.32) gives the following infinitesimal invariance criterion:

[0+ a(£)67 + b(E) (n + ) + (O + (@ (B + V (E)utsy + ¢ (£ .
(6% + d(t)(vs + ud™) + e(t)(Guq + vi") + F(H)™ + g(t)y"™*
+7(d (t)uvy + € (t)vuy + f () vge + ¢ () Uges)] =0,
= (6.33)
where the associated symmetry operator is of the following form:
X =&z, t,u,v)0, + 7(x, t,u,v)0 + n(x, t, u,v)0y + ¢(z,t,u,v)0,. (6.34)

Upon substitution of the prolongation operators proposed in chapter[2] and comparing the
coefficients of various partial and fractional derivatives of (u,v), the obtained determining

equations are as follows:

gtzguzfvzoa Tx:Tu:Tv:0>
nv:nuuzoa ¢u:¢vv207

« 3 «Q n
(-, e

o £ «a n
<n>8t v — <n+1>Dt+lT:07 Vn e N,
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a(t) <¢v — Ny + a7 — gax) + T(I’(t) = 07
b(t)yu(ar, — &) + b(t)n + 70 (t)u = 0,
c(t) (o — 28) + 7 (t) =0, g(t)(am — 3&) +74'(t) =0,

d(t>u(a7—t - 51) + d(t)ﬁ + Td/(t)u + f(t) (2¢zv - fa:x) + g(t) <3¢xxv - gazxx) = 0,

(6.35)
e(t)v(nu - ¢v + a1y — SJ}) + 6(t)¢ + Tel(t)l) = 07
f(t) (Oth - 2573) + Tf/(t) + 3g(t) (¢mv - fzx) = 07
Ofn — w0y + a(t)gs + b(t)un, + c(t)nu = 0,
OF'¢ — 0 by + d(t)uds + e(t)vne + f()Puz + 9(t)Paza = 0.
The general solution of the system (|6.35]) can be obtained in the following form:
£:A1$+A2, T = 1l (%/C(t)idt‘i‘Ag,),
c(t)e \ @ (6.36)

n=As(t)u, ¢ = As(t)v,

where A, Ay, A5 are arbitrary constants and As(t), A4(t) are functions of ¢ satisfying the

following equations:

r0) =0, Ay(0) = 440 = (5 )
a(t)(As(t) — Ag(t) + ar, — Ay) + 7d'(t) = 0,
b(t)(As(t) + am — Ay) + 7V () = 0, (6.37)
d(t)(As(t) + ar — Ay) +7d' () = 0,
e(t)(As(t) + ar — Ay) + 7€' (t) = 0,
F(Bam = 240) + 71(t) =0,

g(t)(am — 3A1) +7¢'(t) = 0.
Clearly, the symmetries ((6.36]) are generalized than those obtained for integer order vari-

ant Boussinesq system [I76] since the fractional system ((6.32)) for « = 1 is coincident
with the integer order system [I76]. In general, it is quite difficult to reduce the system

(6.32) further into a system of FODEs using the invariant solutions resulting from the
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associated vector fields. For now, in particular ¢(t) = ¢ (constant), is considered to over-
come this problem. However, the computation of the reduced system for the general case
is in progress. In this particular case, the symmetries using the condition 7(0) = 0 are as

follows: oAt
E=Ax+ Ay, T= 17

@ (6.38)

n= A3U,, ¢ = A4'U,

where Ay, Ay, A3, Ay are arbitrary constants such that the variable coefficients must satisfy

the following:
a(t)(A4 — Ag -+ Al) -+ Ta/<t> = O,

b(t)(As + Ay) + 7b'(t) = 0,

d(t)(As + Ay) + 7d () =0,

(6.39)
e(t)(Az + Ay) + 7€' (t) =0,
f(t) = f = constant,
9(t)(=A1) +74'(t) = 0.
The associated Lie algebra is generated by the following symmetry generators
2t
Vi=a20,+—0, Vo=0,, Va=ud,, Vi=00,. (6.40)
o
Further, the optimal set for (6.32)) has the following components:
Ay =Vi+rVa+sVi, Qo=Vs+pVy, Az=V. (6.41)

Firstly, for the generator A; = V; + rV3 4 sV, the symmetry reduction is presented by

the following theorem:

Theorem 6.5. The time fractional variant Boussinesq system ((6.32)) can be reduced Voo >
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0 into the following nonlinear system of FODEs:

1—r b T 2
(Péa’o‘F) (2) + = (r — 1) 2F(2) 4 S TG () + 2T R (2) + S ()
a S S S S S
+az s G(2) + b5 (FF)(2) + cF"(2) = 0,

(Pé_a’aG) (z) + i (i — 1) (fz +g (i - 2)) 272G (2) + i (d+er)zs L (FG)(2)

+- <2fz + 39 (S - 1)) 272G (2) + 25 (AFG' + eGF') (2) + (fz - 339) 211G (2) + G (2) = 0,

(6.42)
where (Pé’a) is the Erdélyi-Kober fractional differential operator.

Proof. For Ap, the similarity transformations with similarity variables F,G can be ob-
tained as follows:

(6.43)
The definition of fractional derivative in Riemann-Liouville sense and n — 1 < a < n
gives the following:

o, Eg 1 ! n—a—1 -3
ofu=x T [F(n—a)/o(t s) F(zs )ds].

Taking ﬁ = w, it can be written in the following form:

o, T " 1 > n—a—1, —(n—a+1) 5
Ofu = 5 [F(n—a)/l (w—1) w F(zw2)dw]| ,
r 0"

(6.45)
o e e

Also, for a« = n =

(6.44)

1,2, ... the result (6.45) holds using the definition of Erdélyi-Kober
operator. Therefore, the fractional derivative of u(x,t) is as follows:

0%u oot ad 1
i 1— i Ln—a 7 ’
5o = ¢ j||0 < a+j 5 dz) (lCa ) (2), VYa>0

(6.46)
= g5t (Péa’aF) (2), Va>0.

Similarly, the following must hold for v(z, t):

T

i = zete (Pé_a’aG> (2), Va>0.

(6.47)
Hence, completing the proof.
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Consequently, for the remaining generators A;(i = 2, 3), the following assertions can
be proved:

Theorem 6.6. For generator Ay, the system (6.32) is transformed Yo > 0 into the

following fractional system of nonlinear ODFEs:

l—a,« c (1 -2 b ) 2¢ —1 S al

<73§ F) (z)+}; (—1>z F(Z)Jrzf)zp F (z)+;z F'(z)+az"vG'(2)

+bar (FF')(2) + cF"(2) =0,

<PE_Q’O‘G) (2) + S5 FQ)(2) + 2% (AFG + eGF') () + fG"(2) + ¢G"(2) = 0.
(6.48)

Theorem 6.7. The similarity transformations for generator As reduce the system (6.32)

Ya > 0 into a nonlinear system of FODEs as follows:

(Pé_a’aF) (2) + aG'(z) + b(FF')(z) + cF"(2) = 0,
) (6.49)
(P;avaa) (2) + d(FG')(2) + e(GF)(2) + fG"(2) + gG" () = 0.

For brevity, the details have been omitted and the invariant solutions, the variable

coefficients etc. have been illustrated in Table [6.3]

Table 6.3: Symmetry reductions of the system ([6.32)) into systems of FODEs

Generators Invariants Ansatze Variable Coefficients Reduced System
(1—7+s)a
w=2iF(2) a(t) =at™ e
o T 1 = s
A xtT2,xTsu, T sv _ gy gl _ -2 System ((6.42
! ( T S ata(y W= E A = dt S
e(t) = et~ "3, g(t) = gt?
1 (t) t(l_Qp)a
@ _1 — D a = Q 52
Ag (xt™2,2 Pu,v) u=2rF(z) _ (1+p)a _(ime  System (6.48)

v==G(z) b(t)=bt" 2 ,d(t)=dt" 2

System (|6.49
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6.3.2 Time Fractional Coupled KdV System

The integer order as well as fractional order coupled KdV systems with variable coef-
ficients have already been discussed using different methods in literature [97, [175]. The
investigated time fractional coupled KdV system with variable coefficients [I75] is as

follows:
O u + a(t)uny + b(t)vv, + c(t)Uzee = 0,
(6.50)
v + d(t)uv, + e(t)vugy + f(t)v4ze = 0.
The infinitesimal invariance conditions are obtained in the following form:

=0,
(16.50))

[0+ a®)uam + wn®) + B0 (w56 + 067) + (0™ + 7 (g +H ()0, + ¢ (1)tar)]

=0.
(6-50)

[0 4 d(t) (0. + 06™) + e(t) (s + o) + FO6™ + (@ (v + ¢/ (E)ous + F (v
(6.51)

Solving the determining equations resulting form the associated invariance criterion, the

explicit form of obtained Lie symmetries is as follows:

Az 1 Ay 1
1A :C@ihlfwy&+Ao,n=Aﬁw,¢=AMW7@W)

such that the following conditions must hold for the arbitrary constants A;, A, A5 and

arbitrary functions As(f), A4(¢):
r(0) =0, A4 = A4yt = (5 ) 7
(mt L e )) +rd(t) =0,
(m A A+ 2A4(t)> 4 (t) =0, .
(mt S NND )) +rd(t) =0,

(om't R N ( )) + 7€' (t) =0,

(m )+ 7f(6) = 0.
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To find successful reductions of (6.50]) into nonlinear systems of FODEs, taking ¢(t) = ¢ =

constant, the symmetries are obtained in the following simplified form:

A At
62711‘_‘_142; 7—:71

3 ) n= A3ua ¢ = A4U7 (654)

such that the following equations must be satisfied:

a(t) <§A1 — Ag) +7d'(t) =0,

2
b(t) <3A1 A+ 2A4) +rb() = 0,

d(t) @Al + Ag) +7d'(t) =0, (6.55)

2
e(t) <3A1 + Ag) +re(t) =0,
f(t)=f, where f is an arbitrary constant.

The corresponding vector fields are as follows:

t
Vi= gaa: + aat, Vo=0s, Vi=udy,, Vi=uv0,. (6.56)

The optimal set has the following linear combinations of generators:
Ay =Vi+pVa+qVi, Ao=Vs+rVi, Az=V. (6.57)

For these generators A;(i = 1,2, 3), the reduced systems are illustrated in the following

theorems:

Theorem 6.8. In case of generator Ay, the time fractional coupled KdV system ([6.50)

is reduced Yoo > 0 into a system of nonlinear FODFEs as follows:
P b —op
(Pﬁ_a’aF) (2) + 32}) (3; - 1) (35) - 2) 2 3F(2) + ?)sz%leQ(z) + ?;zﬁfng(z)

# 2 (31) ) s PP 407 66 ) + 2

(Pé“’o‘G) (2)+ 3L (3 - 1) (3 _ 2) 23G(2) + 2(6}) + )2 (FG)(2)

q q q
+ 72 (dFG' + eGF') (2) + 9;0 <2 — 1) 272G (2) + gqu_lG"(z) + fG"(2) = 0.

(6.58)
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Proof. Using the obtained invariants for A; given in Table[6.4], the definition of Riemann-

Liouville fractional derivative gives the following:

0%u " 1 ! n—a—1_32 —-<
e = 3 [F(n—a)/o (t —s) xa F(xs )ds] . (6.59)

Further, it can be written as follows:
0%u sp Q" L
— =z AE V. O i
oo " o [ ( 2 ) (Z)] !

3&_0(”71 . ad 1,n—a
=gt H<1_a+]_3dz><lci F)(z), Va > 0.

(6.60)

Consequently, the expression for 0fu(x,t) in the Erdélyi-Kober fractional operator is

obtained as follows:

0%u
ot

=gt (Péa’aF> (), VYa>0. (6.61)

Equivalently, 0fv can be obtained in the following form:

gt: — pat® <P§_Q’O‘G> (2), VYa>0. (6.62)
The result of theorem follows. O

Theorem 6.9. For A,, the system (6.50) can be reduced Yoo > 0 into the following

nonlinear fractional system of ODFEs:

(Péa’a@ (2) + s (3 — 1) (3 - 2) ZF(2) + 3—az%—1F2(z) + e (3 — 1) 22F(2)

ro\r r r ro\r
+ a2t (FF)(2) + b2 (GG (=) + flep"(z) +eF"(2) =0,
<7>};a»“G> (2) + ?fz?-1<FG)(z) + 22 (AFG + eGF) () + fG"(2) = 0.
(6.63)
Theorem 6.10. The similarity transformations for Az reduce the system ((6.50) Yo > 0

into a nonlinear system of FODFEs as follows:

(Pé_a’aF) (z) + a(FF')(2) + b(GG")(2) + cF"(z) = 0,
) (6.64)
(PIo"G) (2) + d(FG)(2) + e(GF)(2) + 16" (2) = 0.

The invariants, variable coefficients and symmetry reductions for all generators can

be summarized in the following Table
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Table 6.4: Symmetry reductions of the system (|6.50)) into systems of FODEs

Generators Invariants Ansatze Variable Coefficients Reduced System
_ (Bp+29)a
a(t) =at™  3a
(6—3p+2q)a
A %0 %u 23 u=gz v F(z) bt)=bt" System (559
1 ) ) a .
v = x%G(z) d(t) = dt~ (317;3(1)
(3p+2q)a
e(t)=et  3a
3 a(t) =a e
Ay (a:tfgja;*%u, v) Z: ?;7(5)(2) b(t) = bt‘“%%m System 1|
d(t) = dt= 5"
e(t) — et—(3+27")§
. a(t) = at™ 5
As (xt™3,u,v) Z_ GEE; b(t) = bt System (|6.64]
d(t) = dt— %
e(t) = et 5

6.3.3 Time Fractional Hirota-Satsuma Coupled KdV System

The Hirota-Satsuma coupled KdV system is an important system in the nonlinear
physical phenomena [I77]. The integer order system with variable coefficients has also
been studied using the Lie group method [I77]. The time fractional Hirota-Satsuma
coupled KdV system with variable coefficients is written as follows:

O u + a(t)uu, + b(t) (vw, + wuy) + c(t)Ugyge = 0,
O + d(t)uvy + e(t)ppe = 0, (6.65)

Ot w + f(t)uwy, + g(t)weee = 0.

The associated symmetry generator is of the following form:

V =&(x,t,u, v, w)0+7(x, t, u, v, w)O+n(z, t,u, v, w)0y+P(x, t, u, v, W)+ (x, t, U, v, W)0,.

(6.66)
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Therefore, the invariance criterion can be written as follows:

{na’t + a(t)(nug + un®) + b(t) (pw, + vih® + Y, +we”) + 7(d (t)uu, + ' (t) (vw, + woy))

+7'C/(t>uoc:cx + C(t)nmm] - 0’

(16.65)
[qba’t + d(t) (nvz + u¢$) + T(d,(t)uvx + €l(t)Ua;acm) + e(t)quxx} (6.65) =0,
[W“+f@ﬂm%+uWﬁ+ﬂfﬁwww+¢@wmﬂ+g@¢mﬂuma:Q

(6.67)

With the aid of the prolongation operators proposed in chapter [, the over-determined
system of PDEs as well as FDEs in the required group infinitesimals &, 7,7, ¢, can be
obtained as follows:

G=8&=8&& =% =0, m=Ty=7=Ty =0,

Nuw = Nov = Nww = T = Tow = Nuw = 0, Nao = Now = Mot = Tt = 0,

Puu = Qoo = Pww = Quv = Pow = Guw =0, Pou = Paw = Pt = Gur = 0,

Yuuw = Yov = Vww = Yuw = Yow = Yuw = 0,

Vou = Vaw = Yut = Yut =0, Nau = Pav = V2w = o,

3 « n
atnu_<n+1>Dt+lT:0, n € N,

« n _ n+l_
(n)at% (n+1>Dt 7=0, neN,

S e
0w <n+1

e

)DgHT =0, neN,

a(t)u(am — &) + a(t)n + 7' (O)u + b(t) (wdy + vibu) + () (3Nwsu — Eawa) = 0,
b(t)v(at — & + Yy — nu) + b(t) o + TV (H)v + a(t)un, + b(t)we, — f(t)un, =0,
b(t)w(ar — & + ¢y — 1) + b)Y + 76 (H)w + a(t)un, + b(t)ve, — d(t)un, = 0,
c(t)(ar — 3&,) + 7 (t) = 0,

(d(t) — f(£))uthy + b(t)wipy =0,
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d(t)u(Oth - gx) + d(t)n + Td/(t)u - b(t)wgbu + €(t) <3¢axxv - §$zw) = 07
e(t)(am = 3&) +7€'(t) =0, g(t)(am = 3&) +74'(t) =0,

FOular = &) + f(0)n + 71 (O)u = b(t)vibu + 9() (3tbrzw — €aaa) = 0,

(e(t) = c(t) du =0, (e(t) —g(t)) pw =0, (d(t) = f(t)) ¢uw =0, (6.68)
(g(t) =) Yu =0, (f(t) —a(t))u =0, (g(t) = e(t)) by =0,

0F'n — udinu — v Ny — WO N + a(t)uns + b(t) (Wes + viba) + c(t)za = 0,

07 ¢ — udf Gu — v0] py — WO} P + d(t)udps + €(t) pzaa = 0,

0 — udf b, — v, — WO + f () uthy + g()1eer = 0.

Solving the determining equations yields the Lie symmetries in the following form:

€:A1$+A2, T =

1 /34,
c(t)* <
¢ = As(t)v, ¢ = As(t)w,

S [t + As) . n=Ag(t)u

(6.69)

where Ay, Ay, Ag are arbitrary constants and As(t), A4(t), As(t) are arbitrary functions of

t satisfying the following conditions:

H0) =0, AL(t) = Ay(t) = AL(t) = (O‘ - 1) -
a(t)(ar, — Ay + Ag(t)) + ra(£) = 0,
b(#) (ar, — Ay — Ag(t) + As(t) + As(8)) + 70(t) = 0,
(6.70)
d(t)(arm — Ay + As(t)) + 7d'(t) = 0,

e(t) = Kic(t), f(t)(am — Ar + As(t)) +7f'(t) = 0,

g(t) = Kye(t),
for K7, K5 being arbitrary constants. In particular ¢(t) = ¢ (a constant) is considered

to overcome the difficulty in calculating the symmetry reductions. In this case, the
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symmetries are simplified having the following form:

t
§ = Aix + Ay, T:iAl, n = Asu,
@ (6.71)

(b = A4U7 ¢ = A5w7
for A, Ay, As, Ay, A5 are all arbitrary constants such that the following conditions must

be satisfied:

3t
a(t)2Ar+ Ag) + (S A1) /(1) =0,
3t ,
b(t)(QAl — Ag + A4 + A5) + <QA1> b (t) - O7
3t ,
A(t)(2A1 + Ag) + (2 A1) d (1) =0,
@ (6.72)
e(t) = e = constant,
3t ,
F @A+ A+ (A1) 1) =0
g(t) = g = constant.
The associated symmetry generators are written as follows:
3t
‘/1 :$0x+7ata ‘/2 :axa ‘/3 :uau7
@ (6.73)

‘/;1:1)81)7 %:waw

By a systematic calculation, the optimal set has the following components:
Ay =Vs+EVi+1Va+mVy, Ag=Vy+rVa+sVi, A3=V3+5V;, Ay=1V. (6.74)

The above mentioned generators lead to the reduced systems presented by the following
theorems. To obtain the symmetry reduction for Ay, firstly solving the corresponding

characteristic equations the invariant solutions are as follows:

z=at75, u=2""F(2), v=2""G(z) w=2zY"H(z) (6.75)

Theorem 6.11. The similarity transformations for Ay reduce the time fractional system
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(6.65) Yoo > 0 into the following fractional nonlinear system of ODEs:

(PEoF) )+ o (l _ 1) (l _ 2) () + L () 42D 1 ) (HG) ()

m \m m m
3cl (1 oy T , (kD) , , 3cl .,
+ — — 1)z °F'(2) +azm (FF')(2) + +bz = (GH'+ HG") (2) + —z " F"(2)
m \m m
+cF"(2) =0,

(Pé“’O‘G) )+ ey ) 4+ 2K <k - 1) (k - 2) 23G(2) + dem (FG')(2)

m m m

m o \m m

+ 2 (k - 1) 2 () + G (2) 4 eG(2) =0,

(Pé_“""H) () + fzoN(FH)(2) + ii’ (1 - 1) (1 _ 2) 2H(2) + fom (FH)(2)

m m

3 1 3
+ ( - 1) 22 H'(2) + —gz_lH”(z) +gH"(2) =0,
m \m m

(6.76)

where (735““) is the Erdélyi-Kober fractional differential operator.

Proof. By definition of Riemann-Liouville fractional derivative, we have the following:

v  O" 1 ¢ R "
ta ot [F(n — ) /0 (t=s)" " T F(xs )dsl - (6.77)

Setting p = ﬁ, the above expression can be written as follows:

0%u L o n—a 1n—a
5 =g | (KEer) ()]
d

l n_l (0% 1
—arto T (1—at+j- 2% IC’”“’F) . Va0
s (1m0 =52 (7 F) 0 e

(6.78)

Therefore, 95w can be written in terms of Erdélyi-Kober fractional differential operators

as follows:

O _ pihyo (Pi_a’o‘F) (2), Va>0. (6.79)

Similarly, the following expressions can be obtained:

0“ _
U gmge (Pé O"“G) (2), VYa>0,
ot o
9o (6.80)
_ o (p};w H) (2), Va>0.
ote o
Solving the expressions for the variable coefficients, we have the following:
_ @2mtha _ (42m—ltk)a _ (2m+ha _ (2m+ha
a(t) =at™ sm | b(t) =0t smo, d(t) =dt” sm f(t) = ft= s . (6.81)

Hence, using these variable coefficient functions, the result of theorem follows. O
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In a similar manner, the symmetry reductions corresponding to the remaining gener-

ators A;, 1 = 2, 3,4 can be obtained.

Theorem 6.12. The reduced nonlinear system of FODEs associated with the generator

Ay Yo > 0 is of the following form:

r b 1—r—s

(PEF) (o) + - (E-1) (E-2) " F@) + L) + 2 (HO))
s s \s s S s

3cr <7“ (1-r) ser

L - 1) () + a2 (FF)(2) + b2 (GH + HG) (2) + “ 27 P (2) 4+ eF(2) = 0,

S

(Pé_“""G) () + 386 (i - 1) (i _ 2) 2G(2) + iz;_l(FG)(z) + 386 (i - 1) 272G (2)

+dzs (FG')(2) + ?;ez_lG”(z) +eG"(2) =0,

(P%a’aH) (2) + fzs (FH')(2) + gH"(2) = 0.
(6.82)

Theorem 6.13. The time fractional system (6.65)) for the generator Az is reduced into

a nonlinear system of FODFEs written as follows:

il z sl 1 SF(2) + LR, sl 22 F (2
(7?2 F)()+ﬁ<ﬁ 1)(5 2) F()+5 F()+ﬁ<ﬁ 1) F'(2)
+ a7 (FF)(2) + b2 7 (GH' + HG') (2) + 3;21]7”(2) +cF"(2) =0,

(Pé—avaa) (2) + d=F (FG')(2) + eG"(2) = 0,

<P§‘O"QH> (2) + f25 (FH')(2) + gH" (2) = 0.
(6.83)

Theorem 6.14. The invariant solutions for Ay reduce the system (6.65) Yo > 0 into the

following nonlinear system of ODEs of fractional order:
(Pé_a’aF) (2) + a(FF)(2) + b(GH' + HG')(2) + cF"(2) = 0,
(Péavae) () + d(FG')(2) + eG"(2) = 0, (6.84)
(Péa’aH) (2) + f(FH")(2) + gH"(2) = 0.
Table (6.5 gives the brief discussion of the invariant solutions and symmetry reductions

for the time fractional Hirota-Satsuma coupled KdV system ([6.65)) as below.
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Table 6.5: Symmetry reductions of the system ([6.65]) into systems of FODEs

Generators Invariants Ansatze Variable Coefficients Reduced System
LF( ) a(t) = at™ e
U=axm z _ (A42m—I+k)a
A1 (wt*%@*%u,x*%v,:p*iw) v = xﬁG(z) b(t) = bt (meg; System (|6.76
1 d(t) =dt= sm
w = me(z) 2m+l)a
£t) = f 5
e W=
Ay (wt_%,:c_gu,x_%v,w) “ fo((Z b(t) = b= System (/6.82
V=Is z _ (2s+r)a
w = H(z) d(t) = dt (233;)a
flt)=ft s
(t) ; (2[3;;31)(!
) a(t)=a
a 1 B _(2/3*1)‘3‘
As (xt™ 3,2 éu,v,w) u zfz )(z) b(t) =bt 3 System ((6.83
v=_G(z (26+1)a
w = H(z) d(t)y=dt~ 38
_(28+1)a
ft)=ft 3"
P a(t) = at™ 5
Ay (xt™3,u,v,w) Z: Gézs b(t) = bt System (|6.84
= _2a
w = H Z) d(t) == dt ;”a
fit)=ft=s
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6.4 Conclusion

In this chapter, the efficiency of Lie symmetry approach has been discussed by suc-
cessful investigation of two higher order time fractional nonlinear PDEs and three time
fractional nonlinear systems of PDEs with variable coefficients. The complete group clas-
sification of the fourth order KdV-Burgers-Kuramoto equation and generalized seventh
order KdV equation has been discussed resulting in their reduction into nonlinear FODEs
in terms of Erdélyi-Kober operators. Also, the symmetry analysis of three time fractional
nonlinear systems of PDEs with variable coefficients has been discussed. In comparison
with the corresponding integer order systems, the generalized results have been obtained
for the time fractional systems. The inequivalent generators of the optimal sets have been

used for the group invariant solutions leading to reduced fractional nonlinear systems of

ODEs.



Summary

The fractional calculus was first mentioned in a discussion between the pio-
neers of fractional calculus, Leibniz and L’Hospital. Initially, its study has been limited
to the mathematics community since fractional order derivatives are generalization of the
integer order derivatives. Despite having more than three hundred years of history and
wide range of applications, only a few methods to study FDEs have been proposed. This
thesis mainly aims at developing the Lie symmetry method for investigating a wide vari-
ety of FDEs with Riemann-Liouville fractional derivatives. This thesis not only consists
of various extensions of symmetry approach but also presents a number of examples for
its demonstration. The technique to find conservation laws has also been extended from
integer order systems to fractional order systems in this thesis.

The investigation of FDEs using Lie symmetry method plays an important role
in the nonlinear phenomena. As mentioned earlier, the application of Lie symmetry
analysis is confined to single (141)-dimensional time fractional PDEs in literature. The
unavailability of the required extended symmetry operators for symmetry analysis of
other types of fractional PDEs is the reason behind this limitation. The efficiency of
various types of fractional systems of PDEs in modelling various scientific phenomena
was a great motivation to carry out the work in this thesis. The first extension of Lie

symmetry method has been proposed in chapter [2| for time fractional (14-1)-dimensional

155
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systems of PDEs. The symmetry analysis has been executed for deriving similarity re-
ductions of some physically significant time fractional nonlinear systems of PDEs. This
chapter also investigates these fractional nonlinear systems for determining their nonlin-
ear self-adjointness conditions and conservation laws. For this aim, the technique to find
conserved vectors has been developed by presenting the extended Noether’s formulae.

Next step is to discover the extended symmetry approach applicable to study
(141)-dimensional fractional PDEs with both space and time derivatives of fractional
order. This has been achieved in chapter [3| by introducing the prolongation operators.
Its application to some space-time fractional nonlinear PDEs has been discussed leading
to the reduced fractional nonlinear ODEs. Also, the method to find conserved vectors for
space-time fractional PDEs is developed. The local conservation laws of the considered
fractional PDEs have been determined in this chapter by proving their nonlinear self-
adjointness. To perform symmetry analysis of space-time fractional systems of PDEs,
another extension of Lie classical method is proposed in chapter [dl The efficiency of
proposed method is proved by its successful application to five space-time fractional non-
linear systems of PDEs.

In chapters mentioned before, the symmetry analysis of FDEs has been lim-
ited to only (1+1)-dimensional fractional systems of PDEs. However, the importance of
higher dimensional fractional systems in modelling many physical phenomena demands
the generalization of symmetry approach for their study. Chapter [5| aims to propose the
symmetry method for exploring the FDEs involving an arbitrary number of independent
as well as dependent variables. The derivation of required prolongation formulae makes

it possible to study higher dimensional systems of ODEs as well as PDEs. The successful
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demonstration of derived Lie symmetries, invariant solutions leading to symmetry re-
ductions of higher dimensional FDEs has been presented in this chapter. The nonlinear
systems of FPDEs discussed include one (241)-dimensional and four (3+1)-dimensional
physically relevant systems. There is another limitation in literature of absence of appli-
cations of Lie symmetry method to variable coefficient higher order FDEs and variable
coefficient systems of FDEs. The aim of chapter [6]is to fill this gap by using two examples
of higher order nonlinear FPDEs with variable coefficients and three nonlinear systems
with variable coefficients.

It is worth mentioning that the ideas and results presented in this thesis are
completely original and the literature studied for the completion of thesis is fully ac-
knowledged. It has been noted in this thesis, the results obtained from the applications
of symmetry method for FDEs are quite comparable to those of the method for integer
order differential equations.

The objective of the present work is to propose the extensions and applications
of the Lie symmetry method for wider class of FDEs resulting in their symmetries and
similarity reductions. However, the reduced fractional order nonlinear differential equa-
tions have not been further solved for their exact solutions. The reason behind is that the
reduced FDEs are in terms of Erdélyi-Kober operators, so solving these complex FDEs
is a difficult task. Keeping in view this limitation, the general solutions of reduced FDEs
for obtaining exact solutions of FDEs will be interesting for future investigation. The Lie
classical symmetries for systems of FDEs have been derived in this thesis but the investi-
gation of nonclassical symmetries, higher order symmetries and Lie Backlund symmetries
for systems of FDEs is not discussed in literature. This brings forth a tremendous scope

of future work. In this work, the Lie symmetry method is extended only for FDEs with
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Riemann-Liouville fractional derivatives so it will be interesting to find its extensions for
working with FDEs with other definitions of fractional derivatives. Also, the conservation
laws for only (1+1)-dimensional time fractional systems and space-time fractional PDEs
have been discussed in this thesis. In future, the conserved vectors for other types of

fractional systems will be derived.
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