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Abstract. In this article, we study time—space fractional advection—dispersion (FADE) equation
and time—space fractional Whitham—Broer—Kaup (FWBK) equation that have significant roles in
hydrology. We introduce suitable transformations to convert fractional-order derivatives to integer-
order derivatives and as a result these equations transform into partial differential equations (PDEs).
Then the Lie symmetries and the corresponding optimal systems of the resulting PDEs are derived.
The symmetry reductions and exact independent solutions based on optimal system are investigated
which constitute the exact solutions of original fractional differential equations.
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1. Introduction

Recent advances in the fields of science and economics acknowledge the significance
of fractional differential equations that were in the realm of theory a few decades ago.
They are indeed powerful and more accurate and preferred over integer-order differential
equations that used to model those phenomenons where it was necessary to keep the
description of memory and hereditary properties of various materials and processes. It
is because fractional differential operator has a non-local property, i.e. it is defined as
a definite integral over some interval, rather than on a small neighbourhood of a point.
However, the definition of a fractional differential operator is not unique as it appears in
different forms as defined by Riemann-Liouville, Caputo, Weyl and many others. In [1],
Jumarie defined a modified version of Riemann-Liouville operator which resembles the
ordinary differential operator.
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The applications of fractional differential equations can be found in fractals, acoustics,
control theory, continuous time random walk, signal processing and many other problems
[2,3]. Specifically, it arises in hydrology to describe the anomalous transport of fluids.
Within the era of last two decades, several methods such as Laplace transform method,
Green’s function method [2], variational iteration method [4], Adomian decomposition
method [5], homotopy perturbation method [6] and symmetries method [7] have been
proposed to obtain numerical and analytical solutions of these equation.

In this monograph, we consider fractional advection—dispersion equation (FADE)

u® = —vuf + ku 0<a,  f<I1l, >0 x>0, ()

XX

where u¥, uf and ufx are fractional derivatives of u with respect to ¢ and x of order «
and B respectively used in modified Riemann-Liouville sense. In eq. (1), u = u(z, x)
describes the concentration of solute at time ¢ along the longitudinal direction at posi-
tion x, positive constants v and k represent the medium flow velocity and the dispersion
coefficient respectively. The transport of dissolved solutes in soil and aquifers plays an
important role in various fields including absorption of nutrients by plant roots, remedia-
tion of contaminated soils and aquifers and leaching of agrochemicals to groundwater. In
nature, solutes are transported in fluids due to advection and dispersion. If dispersion is
smooth, then this can be modelled by utilizing simple Brownian motion. However, in most
of the real applications, it is not an appropriate tool for dispersion of particles because of
the anomaly where the mean square displacement of a particle does not increase linearly
with time. The anomalous dispersion is categorized as subdispersion and superdispersion.
Subdispersion is often caused by memory effects and Levy-type statistics, due to ‘traps’
that have infinite mean-waiting time as it happens in subsurface hydrology due to hetero-
geneity of natural geological media at various scales. The anomalous transport of solute
does not obey Brownian motion, and therefore a random process is required to describe
non-Brownian motion. Berkowitz and Scher [8] introduced continuous time random walk
(CTRW) approach to simulate solute transport in geological media by considering the
movement as a series of transitions. Later on Berkowitz et al [9] characterized solute
transport by using joint probability distribution. FADE is a special case of CTRW where
solute has a considerable probability to move long distances and its distribution follows a
power law. Cushman [10] derived FADE from a general stochastic continuum model in
which hydraulic properties of heterogeneous medium is treated as stochastic processes.
Over the last decade FADE has proven to be an effective tool to simulate solute transport
in both surface and subsurface [11-15]. Initially, FADE was defined in terms of Riemann—
Liouville fractional derivative. However, due to lack of physical results for solute move-
ment in soil columns, Zhang et al [16] redefined FADE in terms of Caputo fractional
derivative. This modification was necessary to overcome the drawbacks of the Riemann—
Liouville fractional derivative that includes hypersingular improper integral and that the
fractional derivative of a constant is not zero. Due to the increasing water and air pol-
lution FADE has drawn serious attention of scientists, engineers and mathematicians.
Many researchers have discussed FADE and various solutions of FADE have been found
using variational iteration method [17], Adomian decomposition method [18] and homo-
topy perturbation method [19]. We consider FADE with modified Riemann—Liouville
fractional derivatives which not only handles these issues but also has a similarity with
classical derivative.
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We also study the time—space fractional Whitham—Broer—Kaup (FWBK) equations
which are used to describe the anomalous propagation of long waves in shallow water.
The FWBK equations are expressed as

o o o 20
u + uui +vy + pu s =0,

v+ v+ uv® — v 4+ yul =0, t>0, x ela,b] CR, (2)

X.

where u = u(t, x) is the velocity potential of waves moving in x-direction, v = v(¢, x) is
the vertical displacement from equilibrium position of the fluid, 8 and y are real constants
that describe different diffusion powers and « is the order of the fractional derivative.
These equations are generalizations of classical Whitham—Broer—Kaup equations [20-22]
which are obtained by using the Boussinesq approximation. If § = 0, y = 1, eqs (2)
reduce to fractional long wave equations, whereas the chice of 8 = 0 and y = 1 gives
fractional modified Boussinesq equations. These equations are generalizations of classi-
cal long wave equations [23] and modified Boussinesq equations [24] respectively. The
exact solutions of FWBK equations were constructed in [25], where the authors have
used travelling wave transformation to reduce (2) to a nonlinear system of third-order
fractional ODE. The generalized exp-function method was utilized to derive exact solu-
tions of the reduced system which in terms of original variables formed the solutions
of FWBK equations. In [26], Atangana and Baleanu studied FWBK using the Sumudu
transform homotopy method.

The Lie theory of symmetry group, to ordinary or partial differential equations, is
the most powerful tool to obtain invariant solutions that are usually of closed form
and often describe the asymptotic behaviour of general types of solutions. These inva-
riant solutions depend upon their invariant transformations obtained from the symme-
try group admitted by the differential equation. However, a Lie group or Lie algebra
contains infinitely many subgroups or subalgebras of the same dimensions and it is
impossible to use all of them to construct invariant solutions. A well-known method
was proposed by Ovsiannikov [27] to classify all subalgebras to equivalence classes
of conjugate subalgebras by using its adjoint representation group. A set consisting of
one representative from each equivalence class is known as an optimal system which
provides all invariant solutions. In this work, we first convert the FADE and FWBK
equations into partial differential equations (PDEs) by using suitable transformations.
Then we compute Lie symmetries of the resulting PDEs and find their optimal sys-
tems to construct invariant solutions. To the best of our knowledge the solutions obtained
for FADE and FWBK equations are new and not reported elsewhere. We have used a
systematic way to construct transformations for reduced FADE and FWBK equations
which are more general and the transformations considered in other articles are retrieved
here.

We have organized this paper as follows.In §2, we give some basic definitions
about fractional differential operators along with their properties. Section 3 is devoted
to FADE which is reduced to PDE and we compute Lie symmetries and optimal sys-
tem based on the adjoint representations of vector field. Exact solutions of FADE for
all cases are also presented in §3. In §4, the exact solutions of FWBK equations are
derived using the same procedure as in §3. The concluding remarks are summarized
in §5.
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2. Preliminaries

Fractional calculus is a generalization of integer-order integrals and derivative to an arbi-
trary real order. There are several definitions of fractional derivatives which are useful for
applications. The most famous among those is the Riemann-Liouville definition consid-
ered as the classic which has the property of a non-zero derivative of a constant function.
Caputo [28,29] redeveloped this definition to contend this issue. It also utilizes integer-
order initial conditions to solve fractional differential equations. The definitions by Weyl
[30] and Riesz [31] are also noteworthy. Jumarie [1] proposed a modified version of
Riemann-Liouville fractional derivative that uses weak conditions on the derivative and
has some features coincide with those in classical calculus. This section deals with the
fundamental definitions and properties of Riemann-Liouville and Jumarie’s modified
Riemann-Liouville fractional derivatives. For details, the interested reader is referred
to [1-3].

2.1 Definition

A real valued function f(x) € Cx, x > 0, « € R if there exists a real number 8 > «
such that f(x) = xPg(x), where g(x) € C[0, oo) and it is said to be in space Cy if and
only if f® € Cy;n € N.

2.2 Riemann—Liouville fractional derivative

The fractional integral of order « is defined as
1 X

D fe) = o [ -0 s, G)

() Jo

where Re(o) > 0. An alternative notation used is /% f(x) = D* f (x). The operator I¢

holds the following fundamental relations:

1P ) =17 f(x) €
and

d a+1 o

d I f ) =17 f(x). )

X
One can define fractional-order derivative of f as

d“ a

f= I"“f, n—l<a=<n, neN, (6)
dx“ dx”

Using the above relation, we can define Riemann—Liouville fractional derivatives

o | @dxmItTe f(x), a>0, n—1l<a<n neN
D)‘f(x)_{f(x) a=0.
M . @)
ore precisely
o _ 1 d ! _e=yn—a—1 _
D"f(x)_F(n—a)dx”/O F@E)(x=§) d§, n—-l<a=<n, neN,

®)
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where f € CJ. The Liebnitz rule can be generalized for fractional derivative:

oo

DE(f()g) =Y. (3) DET (£ () D} (g()). ©)

n=0
If f is a function of two independent variables ¢ and x, then Riemann-Liouville fractional
derivative of f with respect to ¢ is

DI f(t.x)= o )anfﬂgmagw“I@ n—1<a<n, eN.
X
(10)

The fractional derivative with respect to x can be defined in a similar fashion.

2.3 Modified Riemann—Liouville fractional derivative

Guy Jumarie [1] proposed some modifications in Riemann—Liouville fracional derivative
and derived fractional Taylor series of nondifferentiable functions. The new modified
fractional derivative has some features similar to the classical derivative. The definition
and properties of modified fractional derivatives are defined below.

1 ! —a—1
N R O

Dy f(x)= 1 d/* ~ o
My dx )y SOOI ds. 0<a=l.

(fO=D (x)) et n—l<a<n, n>2.
(1D
The modified Riemann—Liouville fractional derivative bears some interesting properties:

ra
pegn = FAFO (12)

Fr+pupu—oa)
DY(f(x)g(x)) = g(x) DY f (x) + f(x)Dig(x), (13)
o dflg()]
D2 fleol = N pegi), (14)
dg(x)

3. Fractional advection—dispersion equation

Consider the time—space fractional advection—dispersion equation (FADE)

u® = —vuf +ku, 0<a, PB<I, v, k>0, t,x > 0. (15)
We introduce the transformations
B o
px qt
= , = , W(T, X) = u(t, x), , 0.
(1 + B) r(+a) 60 =ut.0.pa?

(16)

Equation (15) with the help of (12), (14) and (16) transforms to second-order partial
differential equation

qWr +vpWyx — kp*Wxx = 0. (17)
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Computing the Lie symmetries manually is a tedious task. However, many computer soft-
ware packages have been designed to compute the Lie symmetries for partial differential
equations. Using Maple, the Lie symmetries of eq. (17) are

Vi = dx, Vo = dr, Vs = Wy,
Vi = 2qTor + (gX +vpT)odx,
Vs = (gXW — pvTW)dy — 2p°kTdy,
Vo = —4p°qkT?*dr — Ap*qkX Ty
+(=2pgvT X 4+ 2p*qkT + p*v>T? 4+ ¢*X*) Wy

and
where F; (T, X) satisfies
32 F dF oF,
kp? — - =0. 19
Praxe T9ar TPV ox (19)

3.1 Adjoint representation and optimal system

In this section, we shall compute the adjoint representations and optimal system based
on the vector fields. The optimal system gives the minimal list of one-dimensional sub-
algebras of the Lie algebra &, each of which is used to construct a set of invariant
solutions such that if there is any other solution, then there exists a further symmetry
which transforms that solution to a solution in the set. To construct an optimal system of
one-dimensional subalgebra of the Lie algebra of eq. (17), we proceed in the following
manner as given in [32].

Without loss of generality we assume p = ¢ = v = k = 1 to make our calculations as
simple as possible. The first step in this regard is to calculate the commutators [V, Vg],
which is defined as

Voo Vgl = Vo Vs — VsVe, @, B=1,2,...,6. (20)

The Lie algebra of the infinitesimal symmetries of eq. (17) is depicted by commutator
table 1.

The second step is to compute the adjoint representations generated by the basis
symmetries given in (18). These adjoint representations will help in sorting similar
one-dimensional subalgebras. The adjoint representation is given by

1
Ad(exp(eV;)V; = V; — €[ Vi, Vi1 + 2ez[v,-, Vi, ViIl—--- . (1)

A complete adjoint representation is presented in table 2.
Let

V =a\Vi+a,Vata3 Vi+as Va+asVs+as Ve, a; € R, i=1,2,..6
(22)
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Table 1. Commutator table.

[Vi,v;l1 W1 Va Vi Wy Vs Ve

Vi 0 0 0 Vi V3 2Vs

1% 0 0 0 Vi+2V, -2V — V3 2V3 —4Vy —2Vs
Vs 0 0 0 0 0 0

Va -Vi -V =2V 0 0 Vs 2Ve

Vs —V3 2Vi+ V3 0 —Vs 0 0

Ve —2Vs —2V3 +4V4 4+ 2Vs 0 —2Vs 0 0

be a general vector of the Lie algebra &. Then, every element of & can be expressed as
avector V = (aj, a, as, as, as, ag) for some a; € R. Now we compute a real function
n(V) termed as invariant. This can be done by using the following symmetries:

.0
ok R
A,_cija gk’ i=1,2,...,6,
where cfj are the structure constants in table 1 (see [33], vol. 2). Thus we have
A 9 + 9 + 2 9
=a a a ,
! 4 day 3 das 6 das
0 0 0 0 0 0 0
Ay = ay +2 +as |2 — +ag |2 —4 -2 s
day day da; Odaj das day das
d d ad d d
A3 =0, As=—a +ap | — -2 +a + 2a ,
3 4 ! 8611 2 < 8611 8a2) 58615 6306
A 0 n ) 0 n 0 0
= —a a —a s
> ! das : da; dajz ¢ das
ad d ad ad ad
Ag = —2a +a | -2 +4 +2 —2a . 23
6 ! 8615 2 ( 8a3 8a4 8615) 4 8616 ( )
Table 2. Adjoint representation.
Ad(exp(ei)j) Vi V2 Vi Wy Vs Ve
Vi 1 Vs Vi —eVi+Vy —€eV3+Vs € —2eVs+ Vg
1% Vi %3 Vi —eVi —2eVy 2eVi+€V3 —4—62V2 +4eVy
+Vy +Vs (=26 +€H)Vs
+2eVs5 + Vg
V3 Vi V2 Vi Vy Vs Ve
A eV, X —eH)V, V3 V4 e Vs e ¢V,
+e2e V>
Vs Vi+eVs —2eVi+V; V3 Va+€Vs Vs Vs
(—e2 —e)W3
Ve Vi+2eVs Vo +2V3 Vi3 Va+2Vg Vs Ve
—4eVy —2€V5
—4—62V6
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Now ¢ = ¥ (a1, a», as, as, as, ag) is an invariant of the full adjoint action if it satisfies
A(y) =0, Ax(Y) =0, Asz(y) =0, As(f) =0,
As(y) =0, Ae(¥) = 0. (24)

The solution of the above system is

(4arasag —l—ai’ —|—2a§a6

_ . 2 _
w—w(m(V),nz(vn—w<a4+4“2“6 2(a3+4aza)

—4daiarae+8arazag+2arasas5— 2a2a§ +2a12a6 +2a3af — 2a1a4a5)) .
(25)
Precisely
n (V) = ai + 4azas (26)

and

1
mV) = - (4arasas + aj + 2a3as — 4ajazag

n(V)

+8arazag + 2arasas — 2a2a52 + 2a12a6 + 2a3af — 2ajagas). (27)
To begin the classification process, we concentrate on a,, as and a¢ coefficients of V as
defined in (22). Now

6
V=>4V = Ad(exp(@Ve)) o Ad(exp(8V2))V (28)
i=1

has coefficients
ar = ay — 2Pas — 4p%as,
as = —4a(ar — 2Bay — 4B%as) + as + 4PBas,
s = —4o’(ar — 2Bay — 4B%ag) + 2a(as + 4Bae) + de. (29)

The following three cases need to be considered.

Case 1. n1(V) > 0.
e If ag #~ 0, choose

—as+ /m(V) as
B = and o =
4a6 —2\/171
then @, = a¢ = 0 while a4 = +/n1(V). So V is equivalent to a multiple of

‘7 =Vs+a,Vi+a3Vs +asVs. (30)
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Acting further by adjoint maps generated respectively by Vs and Vi, i.e.,

V = Ad(exp(8V))) o Ad(exp(¢Vs))V

=Vi+ (@ -0V + (¢ +as —0¢p —0as)Vs + (¢ + as). (3D

We can make the coefficients of V; and Vs equal to zero by setting & = a; and
¢ = —as. Hence

V=Vi+als (32)

e Ifas = 0, choose B = ap/2a4 and @ = 0 and proceeding in the same manner as
above we obtain

V=Vs+aVs. (33)
e [fas = a4 = 0 then (V) = 0 which is not the case.
Therefore every element of 1;(V) > 0 is equivalent to V4 + aV3 where a € R.

Case?2. 11 (V) <0.
Set o« = a4/4a; and B = 0 where a; # 0 as n;(V) < 0. For these @ and  we can
make a4 = 0. Now we have

V =aiVi+aVa+aVs +asVa+ asVs + as Ve

|4
ni( )V(,.
4612

aVi+aVo+a3Vs +asVs + (34)

As ay and ag are not zero because of the restriction on 1 (V), dividing V in (34) by a to
make the coefficient of V, equals 1 yield

(as + 2a3) (a1a4 — asay + 2azas) (V)
Vi+

~ ay
V= Vi+V+ Vs+ V. (35
a ! 2 2a; 2a% > 4a§ 6 (35)

Acting further by adjoint maps generated respectively by Vs and V;, we have

13

V=aiVi+Va+asVs +asVs + as Vs (36)
where
z a
ay = - 2¢5
ap
~ a as + 2a ayas — asar + 2axa \%
Go= (M ¢_¢2+(4 3 (aay 422 25)9+771(2)92’
a 2a, 2ay day
~ - 2 \%
5s = (ar1a4 — asar + 2azas) — mi( )9. 37)
2 2
2a; 2a;
e Setting
a
¢ o 2a2
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and
g _ Gad1 — aty + 2azas
mv)
in (37) show that ‘:/ is equivalentto V, +aVs + bVs, a,b € R, b # 0. No further

simplification is possible.
If we set

a 1
¢:m; and 0= laias—asastdaas +(@m V)= 2am (V)7

(@ (V) = 2am(V))'* > 0

with (V) < 01in (37) we see that ‘3 is equivalentto Vo+aVs+bVs,a, b € R, b#0
which cannot be simplified further.

o If

_aras—azas+2azas
m) ’

¢ [(@1 — a)ni (V) + Qaxn (VIna(V)' /2],

- 2aom1 (V)
2aom (V)m(V) >0

then (36) reducestoaV) + Vo +bVg, a, b € R, b # 0 which is in its simplest form.

Case 3. 11 (V) =0.

e Suppose a, a4, ag # 0. In this case, we cannot make two of the coefficients in (29)
equal to zero simultaneously. However, if we choose o = as4/4a; and B = 0 in (29)
then V = a;Vy + @ Vs + a3 Vs + asVs. Now by the action of V; and Vs respectively
we can either simultaneously make the coefficient of Vi and V3 equals zero or V;
and Vs equals zero, resulting in either V, + a Vs or V, + a V3 respectively.

Ifay =a4=0,a6 #0then V = a1V} + a3V3 + as Vs + aeVs. Under the action of
the adjoint maps generated by V; and Vs respectively, V reduces to aV; 4 Vs when
a; # 0. For a; = 0, we obtain either aVs 4+ Vg or aVs + V.

If as = ag = 0, a, # 0 then V reduces to a; V| + a, Vo + a3V3 +asVs. Sucha V
reduces to either V, + aVs or V, 4+ aVs or aV| + V, if we use the group generated
by V, and Vs.

If ay = as = ag = 0, then we have V = a, V| 4 a3 V3 + as Vs which by the action of
adjoint maps generated by V| and V; reduces to V; or Vi.

The optimal system obtained is summarized in table 3.

Remark

e Note that Vo+aV3+bVy ~ Vo+aVs+bVe ~ aVi+Vo+b Vs using Adj(exp(a/2b) Vi)
and Adj(exp(a/2)Vs) respectively.
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Table 3. Optimal system of subalgebra admitted by fractional advection dispersion

equation.

1 Vi+aVs n (V) >0 ag #0orag #0 aeR

2 Vo+aVz+bVg n(V) <0 ay #0and ag # 0 aeR, b#0
3 Vo +aVs n(V)y=0 ay ag ag #0 aelR

4 Vo +aVs mV)y=0 ay ag ag #0 aeR

5 aVz + Vg n(V)y=0 ay=a4=0, ag #0 aelR

6 Vi nv)=0 ap=a4=as=0

7 V3 nm(V)y=0 a)=a4=ag =0

e [tcan be seen that V,+a V3 transforms to a V; 4V, for adjoint map Adj(exp(a/2)Vs).
e One can find equivalence between a V3 + Vg and a Vs + Vg using Adj(exp(a/2) V).
3.2 Reductions and exact solutions of eq. (15)

In this section, we find the similarity reduction and classify the group invariant solutions
of fractional advection dispersion equation (FADE). The symmetry reduction method to
find invariant solution is well known in literature.

1. SubalgebraV =V, +aV;,a € R
In this case the symmetry V is
V =2qTor + (gX + pvT)dx +aWy, (33)

which can be written in characteristic form as
dT dX dw

- = . (39)
2gT  (gX + pvT) aW
The solution of (39) gives the similarity variables
r=xT 2PV By = e, (40)
q
which reduces (17) to
2kp®B,, +qrB, —aB = 0. (41)
We introduce
2 2
R=1" Bry=rexp(= 1" ) z(R) (42)
4kp?’ 4kp? '
With this substitution (41) transforms to
3 2
RZue+ (o —R)ze =Tz =0, (43)
2 2q
which is a Kummer differential equation. Equation (43) can be rewritten as
'+ =2y —uy =0, (44)
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where
3 2
R =12z, Z =y, v= _, :a~|— q‘ 45)
2q
The solution of (44) yields
y(z) = C; KummerM(u, v, z) + C, KummerU(u, v, z), (46)

where special functions KummerM and KummerU are defined in appendix. Equation
(46) with the help of (42) and (45) implies
qr

B(r) =rexp (— Akp?

) (C; KummerM(u, v, z) + C, KummerU(u, v, 7)) .
47)

After substituting B(r) from (47) in (40) and then writing in terms of original
variables (16), we obtain solution of eq. (15) as

o 124 o B WO (14 =PI (14))
1 ( qt ) q( pvqt — pPax >e_l/4( l‘(l+a)(l'(l+ﬂ))2kr"‘)

\/ qr \I' (140) Fd+a) T'A+p)
C(1+a)

2
~{C 1 KummerM (l /2

u(t,x)=—

Ta 30 14
q

(VT (148) —x*T (14 )’
T (1+a) (T (14 B))*kte

a _ B 2
+C KummerU(1/22q+a, 3/2,1/4 (v T (1+8)=x"T (1+a)) )}
q

I'(1+a) (T 1+ B))*kte

(48)
2. SubalgebraV =V, +aVs+bVsg,a,b e R, b#0
In this case
V = (1 — 4bp>qkT?)d; — 4bp*qk X T dx
+(a — 2bpquXT + 2bp*qkT + bp*v*>T? 4 bg* X*) Wy . (49)
The change of variables is
X
r= ,
VAabkp2qT? — 1
—8¢3bkp/bqkX*T
B(r) = W(4bkp*qT?* — 1)V/4. — — pv>\/bgkT
(r) = W(dbkp’q )4 exp dbkpqTr—1 P Vbq
2bkpqT
+4vgq \/bqu + 4aqk arctanh( pd )
Vbgk
+v? arctanh(2\/bqka)) /8qkp+/bgk } , (50)
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which transforms eq. (17) to

1

k*p*B.. + |:qk(a — bg*r?) + 4v2} B =0. (51)

Introducing
1 q3/2b1/2r2

By = M@®. k=" (52)

eq. (51) is transformed to
1 dakq + v? 3
M — M =0, 53
fe ( 4" 16pk3232b1 2R 16R2> 43

which is a Whittaker equation. The solution of Whittaker equation (53) is

M (R) = C, WhittakerM («, u, R) + C, WhittakerW (x, i, R) , 54)

where WhittakerM and WhittakerW are Whittaker’s functions of first and second
type respectively which are special solutions of Whittaker equation. The Whittaker
equation is a modified form of confluent hypergeometric equation. The parameters
k and p used in (54) are

dakq + v* 1

K = 16 pk3/23/2p112° =, (55)

In order to solve (51) two cases should be considered, namely, » > 0 and b < O.
For b > 0, we have the following invariant solution of (15):

(1
u(t,x):\/ (p;ﬂ)

4aqk+v? 1 32p1/2261(1 2
x|C1 Whittakerm (42 pg**b' 2T (1+a)
16 pk3/2g3/2b1/2" 4” k12T (14 B)2(4bp2q3kt> — T (14a)?)

dagk+v? 1 32p1/226 (1 2
+C, Whittakerw ( “4ak+v b Pq XU (1+a)
16 pk3/2g3/2b1/2" 4" V2T (14 B)2(4bp>q3kt> —T (1 +a)?)

2pq3/2b1/2k1/2trx>< 1

1
xexp[|:F(1~|—Ot)F(l+ﬂ)2 (aqk—|—4v2> arctanh( r(l4a) _ 4F(1+a)2

1
_I_bp2q3kt2a> _ 2[7 {pZtak3/2q9/2b3/2 (vt"‘F(l +8) — xﬁ[‘(l + a))Z
1
—4vq3/2b1/2k1/2I‘(1 + BT+ a)* (—2xT(1 + &) + vt*T(1 + B)) ”
1
/ |:2pq3/2k3/2b1/2r(1 + o)1+ ﬁ)Z <_4pr(1 4 Ol)2 4 bp2q3kt2a)i|i| ) (56)
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If b < 0, then eq. (54) yields the following solution of (15):

IN@!
u(t’x):\/ (p;;ﬁ)

dagk+v3)i 1 3/2p1/2,261(1 ).
x|:C1 WhittakerM( ( ac31 2+%vz): R, pq i XZ ! (2~|-ot) i 2 )
16 pk3/2g3/2b1/2" 4 k12T (14 B)2(4bp2q3kt> + T'(1+a)?)

dagk+v>)i 1 32p1/2,267(1 5.
+C, WhittakerW( ( “a 2+3”2)’2, L PR 3(2+oe) i )}
16 pk3/2g3/2b1/2" 4 k12T (14 B)2(4bp2 g3kt +T (1 +a)?)

5 1 5 2pq3/2b1/2k1/2tu¢ 1 5
Xexp [[F(1+a)I‘(1+,3) <aqk+4v> arctan< F(l+a) ><4F(1+a)

1
+bp2q3kt2”‘> — 2pipzto‘lc3/2q9/21)3/2 (vt“F(l +B) — xﬁF(l + a))2
1
+4vq3/2b1/2k1/2r(1 + AT + o) (=2xT(1 + ) + vt*T(1 + ﬁ))”

/ |:2pq3/2k3/2b1/21-\(1 + a)r(l + ﬁ)z (ipl—w(l + a)z + bp2q3kt2a>}} . (57)

Note: The solutions obtained in (56) and (57) can also be expressed in terms of
Kummer functions using

1
WhittakerM(«, u, z) = exp(—z/2)z“+;KummerM (M—K~|—2, 14+2u, z) ,
(58)

1
WhittakerW (k, u, z) = exp(—z/2)z“+;KummerU <[L—K~|— 5’ 14+2u, z) .
(59)
3. SubalgebraV =V, +aVs,a e R

The similarity variables

2 1
r=X—ap*kT?, B(r) = Wexp (aqXT - 3azpzqkT3 — 2ava2> ,

(60)
transforms (17) to
kp*B,, — pvB, +aq*rB =0, (61)
which finally results in
12 wh 4 g p2(1%)} g pof
u(t, x) = [C; AiryAi(p)+C, AiryBi(p)le '™ Td+pk )’ TFOTA+H)
(62)
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where
B VI (148) (T(1+a))? —4ag’pxP k(T (1 +a))* +4 a>¢* k> p*>*T (1 + )
¢ 4(T (1+ )2 T (1 + B) k43 p2/3a2/3g4/3 '
. SubalgebraV =V, +aV;,a e R

The symmetry V is expressed as

V =0r +aWow (63)
which gives the following change of variables:
r=2X, B(r) = Wexp(—aTl). (64)
The reduced equation is
kp*B,. — pvB, —agB = 0. (65)
The solution of (15) obtained in this case is
(v+i/agkars2)ef o (v-vagkars2)xf | a

u(t,x) = Cie  wawpk Trato 4 Che  waspk Troe- (66)
. SubalgebraV.=aV;+ Vs, a e R

For linear combination a V3 + Vg, we have

X p?v2T? + ¢*X* —a — 2pquXT
r=_ B(r) = WT'/? exp( 4P gkT . (67)
Using similarity variables (67), eq. (17) reduces to
4p*k*B,, +aB = 0. (68)
In order to solve eq. (68) three cases need to be considered.
If @ > 0 then we obtain the following solution:
1 T (1
u(t, x) = (cl sin (1/2 VaxT ( +“))
\/r(ﬁilj ) pI' (1 + B) kqt*
ra
+C; cos <1/2 VaxiT (1 +a) ))
pI' (1 + B)kqt*
020242 (12)2 2202 () P22 uxb 1o IS
Xel/4 <_l<r<1q+u(t>)2) _1(:(151@)))2 +a+2 F(li;)rflw))r(l""")” g2k ]' (69)
For a < 0 we find
1 —axT (1
w(t, x) = e sinh<1/2*/ axtI ( J”?)
\/r(ﬁw pT (1 + B) kgt
+C5 cosh (1/2 Voax T+ “)))
pI' (1 + B) kqt*
2220002 pg?(+F)? 22,6 e
Xel/4 <_l(r(lq+ﬂ(t))2) - (l‘(lgﬂ)))z +a+2 l“l(lfﬂ)l'(l+a))r(l+0‘)1’ 2g72k (%) ]. 70)
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When a = 0, then eq. (68) together with (67) present
CipxPT (@) @ + C2q1°T (B) B

ar L+ p),/ 0 1o

T (e~ (=p 2 (T (8)* B2+23P T gpL (B)8—22F p24%)
1/4 2,2 2
xXe P242k(T (14+8)) , (71)

u(t,x) =

which forms a solution of (15).
6. Subalgebra V. =V, = dx

The similarity variables are

r=T. B(r)=W. (72)
Using similarity variables in eq. (17) and after simplification we arrived at
u(t,x)=C, (73)

where C is constant.
7. Subalgebra’ V.= V3 = Woy

No invariant solution is obtained in this case.

4. Fractional Whitham-Broer-Kaup equations

The fractional Whitham-Broer—Kaup (FWBK) equations are [25]

o o o 200
uy +uuf + v + pu; =0,

o o o 2a 3a0
vy + vl + uv, — IBvxx + VUsry = 0,

O<a=<l, B, yveR, t>0, xela,b]CR. (74)
We introduce éﬁ the transformations

x= P o 1 ) =i,
'+ o) '+
VT, X) = v(t,x),  p,q#0. (75)

Substitution of (75) in (74) results in
qUr + pUUyx + pVx + Bp*Uxx =0,

qVr + pUxV + pUVx — Bp*Vxx + yp Uxxx = 0. (76)

The system (76) resembles the classical Whitham—Broer—Kaup (WBK) equations which
were considered by many researchers (see e.g [34-36]). The system (76) admits the
following Lie symmetries for 8 # 0 and y # 0:

I'y = a7, I' = 9y,
I's = pTox + qdy,

1 1
Py = Tor + Xoy — Udy — Viy. (77)
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In order to compute the independent invariant solutions of (76) we need to determine the
optimal system. The optimal system of classical WBK equations based on vector field
(77) given below was found in [34].

T4, I3 +T, I3, I, I (78)

1. SubalgebraT =Ty = Tdr + yXdx — yUdy — Vy

Similarity variables

X
r= , A(r)= VT, B(r) = UVT, (79)
JT
reduce PDE system (76) to system of third-order ODE
1 1
Bp*B, + pBB, + pA, — ,4rB; = ;4B =0, (80a)
1
ypP By — Bp* A, + pBA, + pAB, — L4 Ar —qA =0. (80b)

Integrating (80a) with respect to r gives rise to

1 /1 1, )
A(r) = qrB — pB~ —pp°B, — C, (81
p\2 2

which on substituting in (80b) and integrating gives rise to the following nonlinear
ODE:

4’p4 (ﬁz + V)Brrr + (—6]272 + 66]”173 - 6p232 - 4PC1) Br
—3¢%*rB +4qpB® +4¢qC, = 0. (82)

Equation (82) does not admit any symmetry, hence it cannot be reduced further.
However, it admits the polynomial solution
r
By =1". (83)
p

Substituting (83) in (81) we obtain
—Bpg + C

A(r) = (84)

In terms of original variables, eqs (83) and (84) can be written as
« rda — C
wtn =", wn= O FOCPPEEC) (85)
tO( pqta
which satisfies system (74).
2. Subalgebral’ =T + Ty

In this case

I'=0r + pTox +qdu. (86)
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Similarity variables of I" are
1
r=—2pT2+X, Ar) =V, B(r) = —qT + U.
System (76) in terms of similarity variables (87) reduces to
q2 + pBBr + pAr + IBPZBrr =0,
p(AB)r - ﬁpzArr + Vp3Brrr =0.
The solution of (88) is
1 d
Ar) = (—qzr ~PreR -0 f+ cl) :
p 2 dr
B(r) = f(r),

where f(r) satisfies

d? 1
PB+y) L F O+ (=pf() =24°rf (1) +2Ci f ()

+2C,p°B* + 2C2p3)/) =0.

One can write the solution of (74) as

q2trx

u(t,x) = f(r)+ Fd+a)

(t,x) = ! (—qzr — P py? — bp? d fr) + cl),
p 2 dr

where
2 1o 2 a
F=—1,2 pq()2 px
Tad+w) 'il+ewo)
and f (r) satisfies

d? 1
PB+y) o F)+ (=pf () =2¢rf(r) +2C1 £ ()

+2C,p3 B> +2C,p°y) = 0.
3. Subalgebral”’ =T,
The similarity variables of
I'=pTox +qou
are

qgX
r=T, A(r)y=1YV, B(r) =— + U,
pT
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which transforms (76) to

rB.+ B =0,
rA, + A=0.

Solving system (95) and then with the help of (94) and (75) we obtain

_lgx*+ G + )] _Grd+aw

l/l(t,.x) qt”‘ U(ta-x) - qt“ ’

which comprise the solution of (74).

4. Subalgebral =T + o'y = 97 + adx

In this case the similarity variables are

r=ol — X, A(r)=U, B(r)y=1V.
Using change of variables (97), system (76) transforms to

agA, — pAA, — pB, + Bp*A,, =0,

aqB, — pA,B — pAB, — Bp*B., — yp Ay = 0.
The following closed form solutions are obtained:

1

u(t, x) = » [aq +2pCy + a2¢?
1 V2pCi+a?g? (ro(thia) e T C3)
2 PVB +y

1
[(Jﬁz +y+h8) (pcl + 2a2q2>

X tanh

1
vi(t,x) =—
1 PVB +y

| V2 pCi+a2q? (F”(‘l"iz) — ~|—cz>
2 PB +y

B +y >0,

x4 tanh? -1

1
ux(t, x) = [WI —V2pCi + aq?
P

@

| V2 pCi +a2q? (ru(thia) ~ e +c3>
2 PVB +y

1
[(—/ﬂz +y+8) (pcl + a2q2>

X tanh

1
v, x) =
PVB +y 2
1 V2pCitalq? (1"0;1‘1:;) - F(lﬁ:a) +C3)

14,
2 PVB +y

x { tanh?

B +y >0,
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1
us(t, x)= ozq—i\/ZpCl—i-azqz
p

/2760 G )

2 PV—(B2+y) ’
wt == (i — /= (B2 + ) (pc1 + lasz)
P/ —(B2+v) 5
aqgt® X
x{ tanh? ! \/ZpCH-anz (F(lﬂ-a)_r(ﬁw)-i-“) +1
P2V —(B2+y)
B2+y <0, (101)

1
ug(t, x)= ag+iy/2pCi+aq?
p

tl! o
x tanh ! V2rCita’s’ <ro(th+”‘) B F(pl);“) + C3>

’ PV ~(B+7) :
1
fx) = . o . -
v4(t, X) PPV— (B + 7) (B +v—(B2+ 7)) (p 1+2aq>
ol tann? [ 1 V2pCitelq? (rl?lﬁw_r(ﬁaﬂrcs) +1
P =B +y) :
B*+y <0.

(102)

One can easily verify that the solutions obtained above satisfy FWBK equations (74).

5. Conclusion

It is a tedious task to solve fractional differential equations due to limited number of
methods available in the literature. One can use appropriate transformations to convert
fractional differential equations to ordinary/partial differential equations and these can
be solved by various methods that are only compatible with ordinary/partial differential
equations. The inverse transformations then yield the exact solutions of original frac-
tional differential equations. This technique is successfully applied in this paper, to derive
analytical solutions of FADE and FWBK equations.
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Using transformations (6), the fractional advection dispersion equation (FADE) was
transformed to the second-order PDE (7). The Lie symmetries and their adjoint represen-
tation groups of transformed FADE (7) were constructed and then utilized to find optimal
system of one-dimensional subalgebras. The invariant solutions using subalgebras for
each case of (7) were derived which in terms of original variables constituted the solu-
tions of FADE. A similar analysis was carried out to obtain exact solutions of FWBK
equations. The similarity transformations to solve reduced FADE and FWKB equations
were obtained in a systematic way using the symmetry methods which were more general
and yielded independent solutions, whereas the other methods developed to find exact
solutions for fractional differential equations were restricted to certain class of equations.
This study points out new ways of finding analytical solutions of fractional differential
equations.

Appendix

Lie symmetries

A computer package SADE [37] which works in MAPLE environment is used to compute
Lie symmetries of partial differential equation (17). In MAPLE we use the SADE routines

with (SADE) :
eq:=diff (W(T,X),T)+v+«p*diff(W(T,X),X)kxp*+diff(W(T,X),X,X)=0;
liesymmetries (eq, [W(T,X)]);

The above routines generate Lie symmetries of the partial differential equation (17)

labelled in (18).

Kummer function

KummerM is a Kummer function of the first kind which is a generalized hypergeometric
function

S n)n
KummerM(u, v, z) = Z; l:((n:;' =1 Fi(u; v; 2), (103)
where
=1,
" = pe+ D +2) - (e+n 1. (104)

v™ in (103) can be defined in a similar fashion. The Kummer function of the second type
KummerU can be defined in terms of KummerM as
KummerU(u, v, z) = ra-=mv KummerM(u, v, z)
F'p—v+1)
'v—

1
) z'7 KummerM(u, v, 2). (105)
()
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