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Abstract This paper is concerned with the time-fractional Fornberg-Whitham equation using
Lie symmetry analysis. This equation is used to describe the physical processes of
models possessing memory. By employing the classical and nonclassical Lie sym-
metry analysis, the invariance properties of this equation are investigated. The
similarity reductions and new exact solutions are obtained.
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1. INTRODUCTION

Over the past few years, significant attention has been devoted to the study of the
ordinary and partial differential equations with fractional order and their numerous
applications in various fields of science [4, 12, 13]. The fractional derivatives are
nonlocal operators arising in mathematical modeling of many systems in physics,
chemistry and biochemistry, control, medicine, finance, and other sciences. Fractional
differential equations provide an excellent instrument for the description of memory
and hereditary properties of a variety of materials and physical processes. This is the
main advantage of models involving fractional operators in comparison to integer order
models. The Fornberg-Whitham equation was originally introduced by Whitham [20]
to study the qualitative behavior of wave breaking. The time-fractional Fornberg-
Whitham equation have been widely studied by means of numerical methods [7, 17,
18].

Lie symmetry analysis can be efficiently used to obtain the analytical and exact
solutions of the differential equations [2, 6, 8, 11, 15]. One of the possible extensions
of Lie symmetry method is nonclassical method that is more general than classical
ones. Recently, analytical solutions for Fornberg-Whitham equation with integer
order have been obtained by the classical Lie symmetry analysis [3, 10]. Because of
the nonlocal nature of fractional differential operators, the extension of existing Lie
symmetry analysis method for differential equations with integer order to fractional
differential equations is not a straightforward task. Analytical and exact solutions

Received: 12 May 2018 ; Accepted: 24 February 2019.
x Corresponding author.



252 R. NAJAFI

for differential equations with fractional order have been obtained by the classical Lie
symmetry method [5, 9, 16, 19]. The authors in [1, 14] developed the nonclassical Lie
symmetry analysis for differential equations involving fractional derivatives and this
method applied to the time-fractional diffusion, Burger’s, Airy’s, KdV, gas dynamic
and Fisher’s equations.

In this study, we first intend to employ the classical and nonclassical Lie symmetry
analysis to the time-fractional Fornberg-Whitham equation. This equation can be
written as

Dy u — Uggt + Uy = Ulggy — Uy + FUpUspy, 0<a<l, (1.1)

where wu(z,t) is the fluid velocity. Our results provide new exact solutions to this
equation. Utilizing nonclassical method, we achieve infinitesimal generators which
are new in comparison with obtained symmetries by classical method. The rest of
this paper is organized as follows: We recall some preliminaries on invariance analysis
for fractional differential equations in Sect.2. In Sect.3, we obtain the new vector
fields by classical and nonclassical Lie symmetry method, reduction of order and
exact solutions for time-fractional Fornberg-Whitham equation.

2. INVARIANCE ANALYSIS FOR FRACTIONAL DIFFERENTIAL EQUATIONS

In this section we briefly recall the classical and nonclassical Lie symmetry method
for fractional differential equations. We first collect a number of definitions and
propositions which are essential in our discussion.

Definition 2.1. Let o > 0 and m — 1 < o < m. The operator Dy, defined by

1 dm !
DYf(t)= =———— [ (t—8)""* 1 f(s)d
PI0) = Sy g |, (=" s
is called the Riemann-Liouville fractional differential operator of order «a, provided
the right-hand side is defined for ¢ € (0,7") and T'(-) denotes the Gamma function [4].

Proposition 2.2. (Leibniz’s formula). Let a > 0 and assume that f and g are
analytic on (—h, h) with some h > 0. Then,

o0

Delfal0 =3 (7)1 0D ato

n=0
for0 <t <h/2[4].
Let us consider the general case of the time-fractional differential equation
F(z,t,u, Ugy Uggy - . ., Dfu) = 0, (2.1)

defined over M C R? x R and o > 0. We consider a one-parameter Lie group of
transformations G

T =z +eé(z,t,u) + O(e?),
t=t+er(z,t,u)+ O(e?), (2.2)
u=u+ep(x,t,u) + 0(?),
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where € is the group parameter. This symmetry group will be generated by infinites-
imal generator of the form

0 0 0
VZS((E,t,U)% +T(x7t,u)——|—<p(x,t,u) (23>

ot ou’
To obtain invariance of the fractional differential equation (2.1) in the classical Lie
symmetry method, for every infinitesimal generator V' of G we have

PreV(F)|,_, =0, (2.4)
where
0 0 0
P (a’t)V — V r T R (o‘vt)
" te Ouy te Oy Tty D&’
with

¢" = Dy(p) — Dz(§)us — Du(T)us,
" = Dy(¢®) — Du(§)uaz — Du(T)uat,
e (2_5)
(@t = Do + EDPu, — DY (Euy) — DT (Tu) + DR (Dy(7)u) + 7D .
Here Dy f and D;f denote the total fractional derivative and the total derivative of

[, w.r.t. t, respectively.

Remark 2.3. Because of the lower limit of integral in Definition 2.1 be invariant
under the group of transformations (2.2), we have to assume that

T(Qf, ta U(J?, t))'t:() = 0.

Remark 2.4. Using Leibniz’s formula for Riemann-Liouville fractional operator, we
can write

[eY « . « n — > « n —n
e = Do — Z (n) DyEDy "y — Z <n) DprDy ",
n=1 n=1

whose for a > 0, D¢ can be computed using the chain rule,

o0
Q
DEpla.tule ) = Divp + puDfu — uDfpu + 3 () DR euDE "+

n=1
with

tn—a

M= Ti (Z) Thti-a) z": 55 (;) (f) %(—U)TDTuk_TD?_m(DSQO%

where @, = g—i and D" = 5.

According to the group of transformations (2.2), the idea of the nonclassical method
is that fractional differential equation (2.1) is augmented with the invariant surface
condition

A&zt w)ug + (2t w)uy — p(z, t,u) =0,

(e
BE
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and both these equations must be invariant under the group of transformations (2.2).
Because for every &, 7 and ¢ the invariant surface condition is always invariant under
the group of transformations (2.2), then we have

PT(O()V(F)‘F:()’A:O = O, (26)

for every infinitesimal generator V of G.

3. SYMMETRY GROUP OF THE TIME-FRACTIONAL FORNBERG-WHITHAM EQUATION

In this section, let us consider the time-fractional Fornberg-Whitham equation
A Dfu = Uggr + Uy — UWlggy + ULy — SUglgy = 0, 0<a<l. (3.1)

We now determine all classical infinitesimal generators (2.3) so that corresponding
group of transformations (2.2) is a symmetry group of Eq. (3.1). According to (2.4)
and applying Pr(®V to (3.1), we find that &, 7 and ¢ must satisfy the symmetry
conditions

© (“Upze +uz)+97 (1+1—3Ugs) — 30" Uy — ™" u— "t 4 (@) |A:0 =0. (3.2
Here %, *® and o(®! are defined by (2.5) and ¢®**, ©*** are

QDTTT - Dx ((PTT) - Dw (g)umww - Dx (T)uxwt7
SOMt = Dt(@zw> - Dt (S)uzxm - Dt (T)ua::rt~
Substituting these expressions into (3.2) and replacing D®u by Uzat — Uy + Ulgge —

Uy + 3UgzUz, Wherever it occurs, we obtain the classical determining equations for
the symmetry group. From the coefficients of 1, u¢, ug, u2, uzuy, . .. we find that

1:wr + 0ptt — Pagatt — Qaat =0, U Ty + Toll — Toza® + Poou — Teat = 0,
Uz 1 — & — Eatl — 3Pzz — 3Przuth + Exzatt — 2Q0uty + Sxat + aTiu + a1 = 0,
w2t &+ &+ 600y — 3oa + BPountt — 3arutl + Prun — 2ot =0,

UplUy © —Ty — Tu + 3Tez + 3Teaut — 20puu + Exgu + 2Tatu + @Tyu + aty = 0,
Uy * 3Pz + 3Pputt — 3t + Oy — 2€4 = 0,

Utlgy * 3Ty + 3Tow — Puu + 2820 + Ttu = 0,

Uz Uz * 38 — Pu — Puutl + 3Eput + §tu — a1 = 0,

Ug Uty : (2 — )Ty + Tyt + Eu = 0,

Uog : 280 + Euutt =0, Ul 1 30uu — 68zu + Puuutt — 3auntt — Eruu = 0,
uiut 267y + 3Teuut — Puun + 28zun + Tewnw = 0, ui 1 3uu + Euunu =0,
uiut 2 3Tuu + Tuwut+Euuw =0, UpUyy @ 3Ty +3Teub— Puy+2800+Tiw = 0,

uiua:t . 2Tu + Tuut + fuu = 07 Ugt - 37—19:“ - 2<Pwu + gzw + 27—1:75 = 07

2D
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Ugge * Eeu + & —arpu — =0, Ugat © ITxU + 28, + (1 — )1 =0,
uim : gu =0, UgUgpa - guu =0, UtUgge - (1 - a)Tuu + fu =0,
UgpzpUzt * Tul + &y = 0, umuf D Teuw = 0, ut2 CTeguw =0, Ut Tpe =0,
UgUtt * Tou = 0, uiutz * Tuuu = 0, uiutt T Tuw =0, Uppr T =0,

u?, 7, =0, Do —uDy, =0, D¢=0, neN,

« n+1l_ « n _
<n+1>Dt T (n)Dt =0, nelN

After solving the system of this determining equations and in view of Remark 2.3, we
arrive at the following solution
5 = C1, T = 07 Y = 07
where ¢ is arbitrary constant, i.e. the classical infinitesimal generator of Eq. (3.1) is
2. Using this infinitesimal generator with invariant solution u(x,t) = f(t), Eq. (3.1)
is reduced to the fractional ordinary differential equation D§* f(t) = 0. The solution
of this equation has the form f(t) = ct®~! where c is arbitrary constant. To get more
infinitesimal generators and, consequently, the new exact solutions of Eq. (3.1), we
apply the nonclassical method. To obtain the determining equations, we reconsider
invariant surface condition A : &u, + 7uy — ¢ = 0. Applying Pr(®YV to Eq.(3.1) and
according to (2.6), the nonclassical invariance is given by
© (“Ugze +uz)+9% (1+1—3uge) — 307 Uy — ™" u— ™ 4 (@) ’A:O r0=0. (3.3)

We can distinguish two different cases: £ # 0 and £ = 0. In the case £ # 0, without
loss of generality, we may assume that £ = 1 and hence we have

Up =@ = TUs,  Ugt = Pp + (Pu — Te)Us — TulU] — Ui,

Uge = (Pz + 00w — TQ1) + (=270 — Ty — Tutp + 7T Uy + 27T U7 + T g,

Ugtt = et + (2000 — Tee) Ut + (Puw — 2T0a)U; — Tuutty + (Pu — 27¢) Uz

— 3Ty Uttt — TUit,
Ugxt = Pt +§0(Ptu +<pt@u — TPt — TPt + [Qﬁmu +(,012L +(P(puu — 27—u(,0t — 3T(,Dtu
_27-15 Py — Tat _7-1‘/11,904_7-1:2 +TTtt]ut - [3Tu Pu +2T<puu +Twu +Tuu(p _3TtTu

—STTtu]uf + [27’3 + 2T7’uu]u? — 270y + T + Tup — 37T U + T2 U,

Usze = Pro + 2000 + PoPu + P8 + O Puu — 2710w — 27001 — 2Tu PPy
—TPat — TOP + TTeoL + T2 01 + [—3T00u — 3T0Puu — 3TP2 — 3Tapy
—ATy 0Py + 3TTe 0w — Taw — 2Teup + 27,74 — Tuugo2 — TuPz + OT Ty Pt
+2Tt7'ug0+372<ptu FTTpt +TTeup— 7'7't2 - Ttht]ut + [37’2 Pun+9TTu Py
+37 Ty + 370w + 3TTune + 37’3g0 — 67Ty — 372Ttu]uf — [3T27'uu
F6772)ud + [3720y + 37Ty + 3770 — 3727 U — T2 Ty sty — T Uy

After substituting ¢®, ™%, @ ™ into (3.3) with £ = 1, then replacing D{u by
Uggt — Uy FUU g —UUL +3UL Uz, Similar to the classical case and also re-substituting the

(e
BE
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EXPressions Uy, Ugt, Uzs, Ugtt, Uzzt, Uzee Wherever it occurs, we obtain the nonclassical
determining equations for the symmetry group. To analyze these, we work the order
of the derivatives which appear. The coefficient of u?, is

727'“(1 —7u) =0.

But in view of Remark 2.3, 1 — 7u = 0 is impossible, therefore we conclude 7 = 0 or
7o = 0. If 7 = 0, we equate to zero the coefficients of the remaining partial derivatives
of v and obtain the system of determining equations:

12 @p + ©all — Pranth — Poat + 97 — 40Pz — 3PPrauth — 20Patu — 897 Pau
—30%Vruntt — > Prun — 303 — TPPwPu — 3PuPrut — 3PPuPrul
— P2 Ptu — PPuPtu — 40205 — 300z Punt — 307 OuPuntt — 30° Oy
— 0 Puuutt — 200tPun — 201 P0u — ¢ Puu = 0,

Ut Pazu + 20P0uu T PoPuu + 30PuPuu + 0 Punu + 20uPzu = 0,

Do —uDge, =0, D¢, =0, neN.

After solving the resulting system, we conclude that ¢ = :i:%u. To illustrate the
invariant solution, Assuming ¢ = %u and in view of the invariant surface condition,
we have u, = %u Differentiating this equation with respect to z leads to the result

1

Ugy = ZU7

the general solution of this equation is

u(x,t) = e "2 f(t) + e2%g(t),

where f,g are arbitrary functions. Substituting this solution into the fractional
Fornberg-Whitham equation (3.1), the reduced fractional ordinary differential equa-
tions are

Dy f(t) = 11'(t) = 3.f(t) =0, (3.4)
Dig(t) — 39'(t) + 29(75) 0.
The solutions of these equations can be written as
0 =2 020 X () ()
9(t) = c3 3020 > h=o () (_%)Hn %’
where ¢y, c3 are arbitrary constants. Thus
Hnt)a—k—1

=35 (; ) [t ]

is the invariant solution of Eq. (3.1).
However, if we let o = %7 the solutions of equations (3.4)-(3.5) can be written in

(&)
EE
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terms of the error function as

ft)= (2+\/§)e(ﬁ-l-4\/§)terf [—(2-1-\/5)15%} _(2_\/5)6(6—4\/§)terf [—(2—\/5)15%} 7
g(t)=(2—|—\/6)e(10+4\/§)terf {—(2—1—\/6)15%}_(2_\/6)6(10—4\/5)terf [—(2—\/6)5} ,

[13] where the error function erf defined by

2 [P e
erf(t) = ﬁ/o e % ds.

Then the invariant solution of Eq. (3.1) is

u(z,t) = e;z{(2+\/§)6(6+4‘/§)terf [%2+\f2)t%} 7(2*\@)6(6_4\/5)15
werf [42—\@)25%} } n e%z{(Q 4 V/6)e(10+4VO)t g [—(2 +V6)t3
—e37(2 — /6)e10-4V0)t oy [_(2 _ \/g)t%} }

If also 7 # 0 and 7, = 0, unfortunately the set of determining equations for the
nonclassical symmetry group of Eq. (3.1) are incompatible.

In the case £ = 0 and 7 # 0, similar to the previous case, we have Tu; = . Differen-
tiating this equation and getting wss, Uz, Uzts, Uzt and also re-substituting these ex-
pressions wherever it occurs, we obtain the nonclassical determining equations which
are difficult to solve.

4. CONCLUSIONS

The method of classical and nonclassical Lie symmetry analysis are applied to
time-fractional Fornberg-Whitham equation. By employing these methods and some
technical calculations, new infinitesimal generators are obtained for the equation. We
have demonstrated that for time-fractional Fornberg-Whitham equation, the nonclas-
sical method is more general than the classical Lie symmetry method; it means that
this method gives new solutions which have not obtained by the classical method.
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