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Abstract In this paper, the Lie symmetry analysis is presented for the time-fractional KdV
equation with the Riemann-Liouville derivative. We introduce a generalized approx-
imate nonclassical method that is applied to differential equations with fractional
order. In the sense of this symmetry, the vector fields of fractional KdV equation are
obtained. The similarity reduction corresponding to the symmetries of the equation
is constructed.
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1. INTRODUCTION

Ordinary and partial differential equations with fractional derivatives have a wide
range of applications as mathematical models of physical processes. These equations
are one of the most accurate tools to refine the description of natural phenomena
[4, 13, 16, 19]. Fractional differential equations have gained much attention since
fractional order system response ultimately converges to the integer order response.
The fractional derivatives are nonlocal operators and provide a powerful instrument
for the description of memory and hereditary properties of different substances. This
is the main advantage of models involving fractional operators in comparison to inte-
ger order models. The KdV equation was first derived as an evolution equation that
governs a one-dimensional, small-amplitude, long surface gravity waves propagating in
a shallow channel of water [14]. This equation has arisen in a number of other physical
contexts as collision-free hydro-magnetic waves, stratified internal waves, ion-acoustic
waves, plasma physics, lattice dynamics, aerodynamics and continuum mechanics as
a model for shock wave formation, solitons, turbulence, boundary layer behavior and
mass transport, etc. [6]. The mathematical theory behind the KdV equation is rich
and interesting and, in the broad sense, is a topic of active mathematical and physical
research. In modeling of these physical phenomena, when memory effects are taken
into account we obtain the KdV differential equation with nonlocal operators and
fractional derivatives. Over the past few years, the fractional KdV equation has been
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studied extensively both theoretically and numerically. There are few studies, how-
ever, on this equation by employing analytical methods [5, 15, 20, 21]. Lie Symmetry
analysis plays a fundamental role in the construction of the analytical and exact so-
lutions of the differential equations [3, 7, 8, 10, 11, 18]. In Lie symmetry method,
the purpose is to get vector fields and afterward to obtain exact solutions of corre-
sponding vector fields. Analytical solutions for some fractional differential equations
have been obtained by the classical and nonclassical Lie symmetry analysis[1, 9, 17].
To achieve new vector fields of a differential equation and consequently new solu-
tions, one of the possible fields for perturbed differential equation of Lie symmetry
method is the ”approximate Lie symmetry method” which firstly is considered by
Baikov et al. [2] . Some researchers have applied approximate classical Lie symmetry
method to find the analytical solutions of some partial differential equations[7, 12].
Approximate nonclassical symmetry method has not been extended and applied to
differential equations. In this study we first intend to express the nonclassical Lie
symmetry analysis to the fractional differential equations. By applying this method,
we achieve infinitesimal generators which are new in comparison with obtained sym-
metries by Lie symmetry method. The obtained results justify the applicability of
the method. We hope this paper is a beginning for future research in this direction.

The rest of this paper is organized as follows: In Section 2, we recall some notations
and introduce approximate nonclassical symmetry theory of a fractional differential
equation with small parameter. An algorithm of calculating such symmetries were
proposed in this section. In Section 3 we obtain the new vector fields by approximate
nonclassical Lie symmetry method, reduction of order and exact solutions for time-
fractional KdV equation.

2. THE APPROXIMATE NONCLASSICAL LIE SYMMETRY ANALYSIS

The main purpose of this section is to introduce the approximate transformations
group admitted by fractional differential equations with a small parameter . we will
consider the approximation in the first order of precision in ¢.

Definition 2.1. Let a > 0 and m = [a] + 1. The operator D¢, defined by

DF () = ey g |, (E= 9" ().

is called the left-sided Riemann-Liouville fractional differential derivative of order «
[4].
Let us consider the one-parameter group of approximate transformations G
T =x+aé(x,t,u,e) + O0(a?),
t=t+ar(z,t,u,e) + 0(a?), (2.1)
i =u+ ap(z,t,u,e) + O(a?),
such that
E(x,t,u,e) = &olx,t,u) + &1z, t,u) + ... +eP&(x, t,u),
c[v)
EE
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where a,e are the group parameter and the small parameter, respectively and the

approximate equality f &~ g means f(z,e) = g(x,¢) + o(eP). The functions 7 and ¢

are defined similarly. The infinitesimal generator of an approximate transformation
group G (2.1) is

0 0 0

V =€z, tue) tu,e) s tu,€)

€($, , U, E) ax + T(.’I}, ,U,E) at + SD(Z‘, , Uy E)au

In theoretical discussions, approximate equalities are considered with an error o(eP) of
an arbitrary order p > 1. However, in the most of applications the theory is simplified
by letting p = 1. Consider one-parameter approximate transformation groups in the
first order of precision. Let

V=V+el, (2.2)

be a given infinitesimal generator, where

0 0 0
Vo = &o(x,t, U)a + To(ﬁﬂatvu)a + 800(53»157“)%»

0 0 0
Vi= 51(%75,10)% +T1(5C,t,u)8t + p1(z,t u)au

The basic idea of the approximate nonclassical Lie symmetry method is to require
that the perturbed fractional differential equation

« j— «
F(z,t,u, g, Ugg, -+, Diu, ) = Fola, t,u, Uy, gy, -+, D)

led ~
+€F1(-Tytaua Uz, Uz, " " 7Dt u) ~ 0,
and the invariance surface condition

A (&o +e&)ug + (10 +eT)ur = Qo + €1, (2.3)

which is agsociated with the vector field (2.2) are both invariant under the approximate
transformations group G for every infinitesimal generator V of G. Then the invariance
is given by

PT(a?t)V(A) ‘FzO,AzO ~ O’ (a t)V }FNO A0 O (2'4)

where

zwi_’_u__’_(p(ogt) 0

Prety = 4 o° Den
t

0
Ouy,
with

(1) = Do + €D U, — D (Eug) — DfF (Tu) + D (Dy()u) + 707,
" =Drp — Do(§)us — Du(T)ue, 9™ = Dy(¢”) — Da(§)Uaz — Da(r )umh
""" =Dy(¢"") = Da(§Uaaz — Da(T)Uaat, -+ (25)

Remark 2.2. In the case that the function f is multivariable, f(z,t,u), DY f, D} f
stands for the partial fractional and integer derivative of f w.r.t. ¢ where the other
variables,  and u, are constant and Df* f, D} f denote the total fractional derivative
and the total derivative of f w.r.t. ¢, respectively.

[c]v)
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It is easy to prove that the first condition (2.4) is identically satisfied and we only
consider the second condition, thus

)t ~
PrYV(F)| g amo = 0- (2.6)
The approximate determining equation (2.6) is equivalent to condition

PreDVy(Fy) + {Pr(%t)Vl(Fo) + P?“(a’t)Vo(Fl)] 0.

’F%O,Azo ~

3. THE APPROXIMATE NONCLASSICAL SYMMETRY FOR THE TIME-FRACTIONAL
KDV EQUATION

We consider the perturbed generalized KdV equation with fractional order
A Difu = uPuy, + gy, 0<a<l, p>0, (3.1)
where |g| < 1 is a small parameter. A one-parameter Lie group of the approximate

transformations (2.1) is admitted by Eq. (3.1) if and only if

Pr(a’t)V(A)‘Azo A~o = 0

Applying Pr(®9V to Eq. (3.1), we find the Lie’s invariance condition

(a,t) TTT

peou?ug +uP of — oy +egh +6p<p1up‘1um+su”<pf—wga’t)|mo7m0%0~ (3.2)

Taking into account the invariant surface condition (2.3), We can recognize two cases:
Eo+¢e€1 #0and & + €& = 0. In the case & + €1 # 0, without loss of generality, we
can put £y = 1 and & = 0, thus we have
Uy = @o +ep1 — (1o +e71)us. (3.3)
Here it should be also mentioned that in Definition 2.1, the lower limit of the integral
is fixed, hence it should be invariant with respect to group of transformation (2.1);
ie.
To(,t,u)|t=0 = 0, T1(z, t,u)|t=0 = 0.
Differentiating Eq. (3.3) w.r.t. ¢ and z, we get
Uzt = Di(po + 1) — Di(70 + eT1)ur — (7o + €71)use,
Uzz = De(po +ep1) — (10 +€71)Di(po + ep1) — [De(T0 +£71)
—(10 + 71) Dy (10 + em1)]ug + (10 + £71) g,
Uzat = DyDy (00 + ep1) — Di(10 4+ em1)Dipo + €01) — (10 + €71) D} (o + £401)
—{DyDu(10 +em1) — [Di(10 +em1)]* — (10 + 1) D (10 + 71) } e
—[Dy(10 +em1) — 3(10 + £71)Ds (0 + e71)]uge + (70 + €71) wsss,
Uzze = D3 (0 + €p1) — 2D5 (7o + e71)Dy(po + ep1) — (10 + €71) DDy (00 + £01)
+(70 + em)Di(10 + 71) Dipo + €1) + (10 + €71)° Dy (0 + £1)
—{D2(19 + 1) — 2D, (19 + e11)Di(10 + €71) — (70 + €71) DDy (0 + €71)
+(10 + e71)[Di(10 + €m))? + (10 + €71)?D? (10 + e71) Yy
+[3(10 + €71) Do (10 + €71) — 3(70 + €71) 2Dy (10 + e11)]use — (10 + €71) sy

2D
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After substituting ¢f, ©7, ¥§*, gaéa’t), cpga’t) into Eq. (3.2) (notice that these are the
same as (2.5) except that &, 7, ¢ will be replaced by &g, 70, po or &1, 71, ¢1), replacing
Dgu by uPug +€Ugqy, then re-substituting the expressions ug, Ugt, Uzz, Uztt, Ugats Uz
wherever it occurs, we obtain the approximate nonclassical determining equations for
the symmetry group. To analyze these, we set the coefficients of 1, us, u?, uy, ... to
zero. The coefficient of u?, is

37’5’7'0“ =0,

and so we have the two situations: 79 = 0 and 79, = 0. If 79 = 0, we equate the
coefficients of the remaining partial derivatives of u to zero and we find the determining
equations as follows

PP+ posu =0, Doy —uDfpo, =0, Digg, =0, neN,

2p§00§01up_1 + Pozzz + 3@09009311:11, + 3()08@011“1, + QO?)QDOuuu + 39009:%00wu
+3300<P0u§001u + 3300900z§00uu + 3()0%()0011,3001“1, + Qplmup + aTlt@Oup =0
P11 + Tzt + (1 — a)Trupou = 0, Dy — uDy 1y, = 0,

& n « n
<n) Dipru — (n + 1)Dt =0, neN. (3.4)

Solving the system of equations (3.4) for ¢g, 7 and ¢1, we achieve for p = 1 and
1
p=3

U cit (—aciz + co)u + cgt™t
Yo = —""7> T = ) Y1 = )
pr+ B pr+p (px + B)?
where ¢y, co, c3, 8 are arbitrary constants. Therefore
ecqt U (—aci1z + c)u+ c;:,t"‘l)
V=W+eVi=0,+ +e Ou,s
CT T T4 ™ (px+ﬁ (pz + B)> !

and in this case, the approximate symmetry algebra of Eq. (3.1) is spanned by the
four vector fields

u et (px + f —eax)u
Vi= ax 781“ Vo= 890 aua
' TEY: ? T (pr + B)?
(pr+ B +e)u (pz + B)u+et*!
Va=0,+———0,, Vi=0,+ Oy
’ (pz + B)? ! (px + B)?

If 79 # 0 and 79, = 0, we find immediately the set of determining equations for the
approximate nonclassical symmetry group of Eq. (3.1). To find 79 and (g, after
simplifying, these equations can be written as follows

« «
= D& —uD® — D" w— DnJrl _
Youu=0, Dypo—uDy pou=0, (n> ¢ Po <n+1> ¢ 10=0, n €N,

atoTor + 370z = 0, T0zP0u — ToPozu = 0,  PTowo — 270zu = 0,
g
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which has solutions
3t —2au
arty 77 plazt7)
where « is arbitrary constant. Substituting 7y and g into the remaining determining
equations, we have

T0 —

Tiw = 0,  2ppop1 + aTorp1U + P1zu + aTipou = 0
P10 + aTorTiu + pTows + Tizu + atomy =0,  Di'¢1 — uDy 1, =0,

a n a T
(n>Dt o <n+1>Dt+1ﬁ =0, neN

After solving this system of equations for 7 and ¢1, we find
calax +y)t + cst 3csa(ax + v)u + 2csau
(az+77 T T plaz )
where ¢4, c5 are arbitrary constants. Hence
(3+€C4)(a$+’y)t+505t8 _ a(6+3ecq) (ax+y)ut2ecsau
(az +7)? ’ 3p(ax + )2

In this case, the approximate symmetry algebra of Eq. (3.1) is spanned by the three
vector fields

1 = )

V=VoteVi=0,+ Ou-

3t 2 3+e)t 2
Vs = 0, + o2 5, Vy= o, BT, a@reu,
ar+v  plax+7) ar+v  plax+7)
3(ax + )t + et ba(ax + v)u + 2eau
V7:al+ 2 t 2 u-
(az +7) 3plaz + )

In the case & + €& = 0 and 79 + 11 # 0, similar to the previous case, we have
(10 + em1)us = @o + €p1. Differentiating this equation and get g, Uz and also
re-substituting these expressions wherever it occurs, we obtain the nonclassical deter-
mining equations which are difficult to solve.

Remark 3.1. Notice that V; and V; are the nonclassical infinitesimal generators of
Eq. (3.1) [17].

These vector fields can be used to construct the exact solution of Eq. (3.1).
Example 3.2. We consider the KdV equation
Diu = uuy + eUgyy, (3.5)
with approximate infinitesimal generator V = V3 with invariant solution
u(z,t) = (z+ B)e” 77 f(t).

Now we use the Taylor expansion of e~ ## about ¢ = 0 and we have

W) = (a4 ) |1= g | £ =@ 8- S0+ o)

~(z+B—e) f(1).

2D
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Substituting this approximate solution into Eq. (3.5), we obtain

DR f(t)=f*(t) +o(e), or  DRf(t)~ f(1).

Then the approximate invariant solution of Eq. (3.5) is

'l -—a)

w@t) = T 54

(z+8—e)t™.

4. CONCLUSION

In this paper, we applied the approximate nonclassical Lie symmetry analysis to a
class of time-fractional differential equations with the small parameter. By employ-
ing these method and some technical calculations, new infinitesimal generators are
obtained for time-fractional KdV equations. The basic idea described in this paper
is an efficient and powerful method for solving wide classes of perturbed fractional
differential equations.
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