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Abstract: Higher-order symmetries are constructed for a linear anomalous diffusion equation with the
Riemann-Liouville time-fractional derivative of order w € (0,1) U (1,2). It is proved that the equation
in question has infinite sequences of nontrivial higher-order symmetries that are generated by two
local recursion operators. It is also shown that some of the obtained higher-order symmetries can be
rewritten as fractional-order symmetries, and corresponding fractional-order recursion operators are
presented. The proposed approach for finding higher-order symmetries is applicable for a wide class
of linear fractional differential equations.

Keywords: anomalous diffusion; Riemann-Liouville fractional derivative; Lie-Backlund transforma-
tion; higher-order symmetry; recursion operator

1. Introduction

The theory of higher-order symmetries is an important branch of modern group
analysis of differential and integro-differential equations [1-4]. In this theory, it is assumed
that for a given differential equation or for a system of such equations, the coordinates
of infinitesimal generators of symmetry groups depend on a finite number of derivatives
of all dependent variables. Such group generator corresponds to a one-parameter local
transformation group, and corresponding transformations are known as higher-order
tangent local transformations or as Lie-Backlund transformations [1,4-6].

In general case, Lie-Backlund transformations are invertible infinite-order tangent
transformations acting in infinite-dimensional space [7]. The infinitesimal description
of such transformations leads to an infinite system of first-order ordinary differential
equations that are similar to the classical Lie equations. It had been proved that this
system is reduced to a finite-dimensional system only for Lie point transformations and for
contact transformations [5]. As a result, applications of the theory of infinite-order tangent
transformation groups to differential equations lead to more complex calculations than the
classical theory of Lie point transformation groups. However, higher-order symmetries
play an important role in practical applications of symmetry analysis because they give an
opportunity to find new exact solutions and conservation laws for differential equations.
At present, there are some techniques for finding higher-order symmetries, and a lot of
sequences of such symmetries have been found for numerous integer-order differential
equations that are of great importance for many fields of science and technology (see,
e.g., [1,2,4,8-14] therein).

Nevertheless, the theory of higher-order symmetries has not been yet extended to
fractional differential equations (FDEs) [15]. At present, the basic methods of classical Lie
group analysis have been successfully adopted to investigation of symmetry properties of
FDEs with different types of fractional derivatives. A detailed discussion of this branch of
Lie group analysis can be found in [16-18]. By using these methods, numerous Lie point
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symmetries, invariant solutions and conservation laws had been found for different classes
of FDEs (see, e.g., the overview given in the last section of [17]). However, to the best of our
knowledge, there are not examples of finding higher-order symmetries for FDEs. In this
paper, we overcome this drawback.

We illustrate the possibility of finding higher-order symmetries for fractional differ-
ential equations by a simple example of the linear one-dimensional anomalous diffusion
equation given by

oDfu =uxy, a€(0,1)U(1,2), 1)
where . - (2,1)
o " u(t,x _
oD = ['(n—a)ot" /0 (t —7)r—ntl dt, n=la+1 @

is the Riemann-Liouville time-fractional derivative (see, e.g., [15]). The Equation (1) is
known as the subdiffusion equation for « € (0,1), and as the diffusion-wave equation
for « € (1,2). In the limiting case of « = 1, Equation (1) coincides with the linear diffu-
sion (heat) equation. For this equation, the corresponding higher-order symmetries and
recursion operators had been firstly calculated by Ibragimov [19]. If « = 2, Equation (1)
coincides with the linear wave equation which admits an infinite-dimensional algebra of
Lie-Backlund symmetries [1].

We prove that Equation (1) has infinite sequences of nontrivial higher-order sym-
metries that are generated by two local recursion operators. We also show that for the
considered equation, some higher-order symmetries can be rewritten as fractional-order
symmetries, and corresponding fractional recursion operators are presented in an ex-
plicit form.

The paper is organised as follows. In Section 2, we give a brief overview on higher-
order symmetries. Section 3 is devoted to construction of second-order symmetries for
the Equation (1). Recursion operators for the considered equation are derived in Section 4.
A brief discussion about generalization of the obtained results is given in the Conclusions.

2. Brief Preliminary

In this section, we recall some necessary definitions of the theory of higher-order
symmetries for integer-order differential equations [1,14]. For simplicity, we restrict our
attention to the case of two independent variables t and x, and one dependent variable
u=u(tx).

Let 7, ¢ and 7 be the functions of ¢, x, 1, and any finite number of derivatives uy, uy,
Utt, Upy, Uyy, etc. Then a differential operator

0 0 0 0 0 0 0 0
X—Tg‘FCa?L’?@?LCtaT”"FCxW +Cut y + Cix " "‘gxxm

B T G e 0

where
Ci = Dj(n — tup — Gux) + tD;(ur) + ED;(ux), i€ {t,x};

gi]' = DZD](Y] — TUt — Cux) -+ TDZ'D]'(ut) —+ CDZ'D]‘(MX), l,] S {t,X},'

is called a Lie-Bicklund operator . Here, D; is the total derivative operator with respect to the
variable i € {t,x}.
It is proved that any operator of the form (3) is equivalent to the operator

0

X — 1Dt — ¢Dy = (1 — Tuy —Ejux)a

4+
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An operator of the form

d d d
X:f87+Dt(f)87m+Dx(f)ﬁ+"" 4

u x

where f = f(t,x, 1, Us, thy, Utt, Upy, Uy, - . .), is called a canonical Lie-Biicklund operator.

A Lie-Backlund operator generates a one-parameter transformation group, which is
called a Lie—Biicklund transformation group, and corresponding transformations are called
Lie—Biicklund transformations or infinite-order tangent transformations.

The operator X is called an infinitesimal Lie—Bicklund symmetry or a higher-order symme-
try for a differential equation F = 0 if

XF“F:O} =0, ®)
where [F = 0] is the so-called extended frame of the equation F = 0 defined by
F=0, DiF=0, D;D;F=0,....

The Equation (5) is called the determining equation for higher-order symmetries. Note that
since the operator (4) is fully defined by a function f, this function is also often called a
higher-order symmetry.

3. Second-Order Symmetries of the Linear Anomalous Diffusion Equation

First of all, we note that similarly to the case of Lie point symmetry groups, the Lie—
Béacklund operator (3) can be prolonged to the fractional-order dependent variable ,Dfu as

- 0
X=X+ gﬂ‘ia(ODf‘u)'

Here, the infinitesimal {, is defined by using the prolongation formula
Gu = oDf (17 — Tur — Gux) + 7oDf 1 + ¢Dx (oDfu),

which has been obtained earlier for the Lie point transformation groups (see, e.g., [16,17]).
Then, the prolonged canonical Lie-Backlund operator (4) has the form

X = f g+ D) + Delf) 5= + oD} )5y - ©

Similarly to the integer-order case, the operator (4) will be called an infinitesimal Lie—
Biicklund symmetry for a time-fractional differential equation F(f, x, 1, Dfu, ty, ixy, ...) = 0 if

XF| =0y =0 )
where the time-fractional extended frame {F = 0} of FDE F = 0 is defined by
F=0, DyF=0, D{F=0, D) =0, DfDyF=0,....

For the considered Equation (1), the determining Equation (7) takes the form

(OD?f - D%f) ’{OD?‘u*uxx:O} =0. (8)

Note that this equation can be obtained as a consistency condition of Equation (1) with

the equation

0
l = f(t/x/u/ Mt, u.XI' . °)/

da

where a is a group parameter.
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It is obvious that for a classical evolution equation of the form u; = F(f, X, u, tlx, Uxx,
Uxxx, - - -), all time derivatives in the function f can be excluded by this equation. Therefore,
in this case, the function f depends only on spatial derivatives of u, i.e., f = f(t, x, 1, Uy, Uixy,
Uxxx, - - ). However, it is not valid for time-fractional evolution equation such as Equa-
tion (1). Nevertheless, since Equation (1) is linear, we can exclude all even-order spatial
derivatives from the function f and rewrite it as a function of fractional differential variables
(note that such variables are nonlocal ones). Thus, we have

f= F(t X, 0, v, gy, g, oD, U, pre, o Df 11, 0 Df iy, ).
At first, we will find second-order symmetries of Equation (1) in the form
f=f(t,x,u,up, iy, g, Upy, Uy ),
or in the equivalent form
f = f(t,x,u, us, ux, Upt, sy, gDf11).

It is easy to show by direct calculations that in this case, the function D2f is a linear function
with respect to variables uyy = ODf‘+2u, Upyry = ODf‘Hux and uxyxx = (DfDfu. Then,
from the determining Equation (8), it follows that ,Df f also has to be a linear function of
these variables. It is possible if and only if the function f is linear with respect to uy;, 4y
and (Dfu. Thus, we can write

f = QU +tputx+90Dt“u+w, 9)

where ¢, P, 0, and w are functions of variables ¢, x, u, uy, uy.

Now, we consider the structure of ODf‘ f. It follows from solvability conditions of the
Cauchy-type problem for Equation (1) (see Theorem 6.1 in [15]) that the initial condition
for this equation should have the form ,I]' *u|;—o = ug(x), where (I’ “u is a fractional
integral of order n — « with n = [a] + 1. It means that the function u has a singularity at
the point ¢ = 0, and the main term of its asymptotic expansion ~ t*~" when t — 0. In this
case, the fractional derivatives ;Dfu;, and ;Dfu do not exist and, therefore, we cannot
use the generalized Leibniz rule

oDt w) = X (o2t iz (10
k=0

for the terms in the right-hand side of Equation (9). Moreover, ,Df (@u;;) exists only if

@liz0 =0, ¢'|i=0=0, (11)

and ,Df (u;y) exists only if
$li=0 = 0. (12)

We will assume that these conditions are satisfied and that the functions ¢ and ¢ are
analytic as functions of ¢. For such functions, the conditions given above lead to more
strict conditions

(9u)li=0 =0, (uD:9)[=0 =0, (Yu)|=0 = 0. (13)

The right-hand side of (9) can be rewritten in a more convenient form by using the
following obvious equalities:

guy = D7 (u@) — 2D¢(uDs@) + uD7@,  Pupe = Di(uxp) — uxDyy.
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In view of (13), we have
onCth(”(P) = OD?H(WP): oD Dt(uDrg) = OD?H(”Dt(P)I oD Di(uxyp) = oDItXH(”ﬂl’)
Thus, we obtain
oDf f = oDy 2 (ug) — 20Dt (uDyp) + oDf (uD7 @)
+ oD (uxp) — o Dff (ux Ditp) + o Df (6 0Df ) + oDf ().

Now, we can use the generalized Leibniz rule (10) in this expression. After simple calcula-
tions, we get

ala—1 > %
oDRf = 9D} P +aDi(g) o0f e+ M DR g D+ ¥ (| 1 )pruk
k=1

44

—k k
k_i_l)OD:‘X Uy Dt+lll}

+ oD Thux + aDi Dy + Y (
k=1
o (o
+0,DfpDfu+ Y (k)ODf“k(o fu) Df6 + o Df w.
k=1

By using (9), we can also write

D2f = @oD¥"%u + 2Dy pusty + D2ust + PoD* T uy + 2Dy D u + D2gpup+
GOD?OD?L‘ + ZDXQOD;EXux + DJZCQOD?M + D,an).

The functions ¢, ¥ and w do not depend on fractional variables ODf‘*ku, ODf‘*kux,
and ODf‘*k (oDfu). Moreover, for Equation (1) such variables cannot arise under differenti-
ation by x. Thus, D,z( f does not contain such variables. Nevertheless, such variables can
be generated by ;Dfw. We can use the chain rule for the Riemann-Liouville fractional
derivative to get the expansion of this function, but this technique is very complex. For this
reason, we will use a more simple approach. We represent the function w in the form

w(t,x,u,up,ux) = u(t, x, u,up, ty )ty +v(E X, 1, ut). (14)
Then, by using the generalized Leibniz rule (10), we obtain

[o¢] o B
oDfw = pDfux + Y (k> D *u, Dy + (Dfv.
k=1

After substituting this representation into the determining equation, we can isolate the
terms containing ODf‘_k uy and set them equal to zero. As a result, we get an infinite chain

of equations
(i)th (kil>Df+ll/J =0, k=1,2,....

The solution of these equations can be written as

P =9(t,x) = o)+ 1 ()t +yo(x), p=p(t,x) = (1—a)pa(x)t+po(x), (15)

where 19, P1, P2, 1o are arbitrary functions of x. The initial condition (12) yields ¢o(x) = 0.
Next, we represent the function v in the form

v(t,x, u,up) = p(t, x,u, up)uy + o (t,x,u)u + At x).
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Since Dfu; does not exist in the general case, an additional condition
(16)

pli=0 =0

have to be fulfilled. As earlier, we assume that the function p is an analytic function with

respect to t. Then,
v = D¢(pu) 4+ (0 — Dip)u + A,

and, by using (10), we obtain

oDfv = ,Di(pu) + D¢ [(0 — Dyp)u] + (DFA
= 0D U+ aDyp (D¥u + 0 D¥u + (DEA + z (%4)o D Fu Dfp + z (4)o D% *u D¥

After substituting this representation into the determining equation, we can isolate the
terms containing OD"‘_k u and set them equal to zero. As a result, we obtain an infinite

chain of equations

k+1 k+2 o —
(k)DtU—l—(IH_l)D p+(k+2)D p=0, k=1,2,...

which has the following solution:
x) = @o(x) + @r(x)t + @2(x) 1 + @3(x)£ + pa ()8,

p(tx) = po(x) + p1(x)t + p2 ()£ +2(2 — &) pa (x) £, (17)
o(t,x) = 0o(x) + (1 = a)[p2(x) + (& = 2) @3 ()]t + (1 — ) (2 — &) u ()£,

where ¢;, p;, 0; are arbitrary functions of x. The initial conditions (11) and (16) yield
=0.

o(t,
t

SRS
Il

Po(x) =0, ¢1(x) =0, po(x)
Finally, we can isolate the terms containing OD;"*k (oDfu). By setting all of them equal

to zero, we get the system of equations
Dfg=0, k=1,2,....

It follows from this system that 6 = 6(x)
So, we prove that the function f is a linear function with respect to u and all their

derivatives. It has the form
f =@t x)up+ Pt x)uex + 0(x)oDfr + p(t, x)up + p(t, x)ux + o(t, x)u + A(t, x)

Thus, all second-order symmetries of Equation (1) are linear with respect to u

The determining Equation (8) reduces to

Qe —
( 1) Prt + agr + lXPt) Diu + apy oD ux +oDfA — (2x + Oxx + 20x + 2px ) o Df
OxxU — 20’x1/lx - Axx - O.

— UxxUyx —

- 29x th Uy — 2QxUtty — PrxUpt — PrxUpx — PxxUt

We split this equation with respect to terms containing u and their derivatives. As a result

we obtain the following system of equations
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a(a—1
QD?V : g(Ptt +a@r +xpr — 2Py — Oxx — 20 —2uy =0,

ODt”‘ux : m[)tz— 20, =0,
Utty - Px = 0,
Ut - @xx =0,
Uty - Pxx = 0,
Ug © Pxx = 0,
Uy : UPxx + 20y =0,
u: Oxx = 0,

In view of representations (15) and (17), one can obtain the solution of this system in

the form )

o =Co, V:C1+C2%X, 9:C3+C4%x+C5%X2,
a 2

where C; (i = 1,...,5) are arbitrary constants. The corresponding symmetries are

fo=u, f=uy, fo="tu+ gxux, fa=oDfu, fa=tup+ %xOD‘;‘u,
fs = (1 _ %)tut + Py + atxip + “szZOD;Xu.
The remaining part of the determining equation is
oDfA — Ayy = 0. (18)

This equation is identical to the initial linear fractional diffusion Equation (1). It gives
an infinity number of symmetries of the form fo, = A(t,x), where A(t, x) is an arbitrary
solution to Equation (18).

Note that symmetries f3, f4 and f5 are nonlocal ones because they contain the fractional
derivative Dfu. Nevertheless, these symmetries are local on solutions of Equation (1).
Indeed, in view of Equation (1), they can be rewritten in the form of local symmetries as

2
~ = o » o «
fo= e, fa=tupt Sxu, f5= (1- E)t”t + Py + atxug + i
These symmetries are the second-order symmetries of the fractional anomalous diffusion
Equation (1).
Note that the symmetries fy, f1, f» and fo correspond to the classical Lie point
symmetries of Equation (1) (see [20])

0 0 0
@, Xl—a, Xz—t*‘i_

d d
Xo=1u 5 55y Xoo = AL, x)=—.

ou

4. Recursion Operators
It is easy to see that

fi=Dxfo, fs=Dxfi, fa=Dxifa— %fl = Dx(fz - %fo)

and

fo= (tDt + %XDx)fo,

f5= (tDt + %xDx)fz - %fz = (tDt + %xDx> (fz - %fo)-
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Thus, we can introduce two differential operators
Ry =Dy, Ry=tD;+ %xDx (19)

that permit to obtain symmetries f1, f», f3, fs and fs from the single symmetry fo = u.
In particular, for the Lie point symmetries we have

fi=Rifo, f2=Rafo.

Similarly to the case of integer-order differential equations [1,8], we will call operators R;
and R, the recursion operators.

Note that the operator R coincides with the first recursion operator obtained in [19]
(see also [1]) for the linear heat (diffusion) equation. The second recursion operator 2¢D,, + x
for this equation can be also obtained from the operator R, in view of the fact that fora =1,
we have Dyu = D2u.

Let us introduce the linear fractional differential operator

L =,Df — D2

Then Equation (1) can be written as Lu = 0, and the determining Equation (8) is Lf|{1,—o; =
0. Since Dy (,Df) = (Df (D), it is obvious that the commutator

[L,Ry] = LRy — R;L=0.
Additionally, it is easy to prove that
[L,Ry] = LRy, — RpL = 0.
So, when f = R;u (i = 1,2), the determining equation is fulfilled identically because

L(Riu)|{ru=0y = Ri(Lu)|{ru—0y = 0. (20)

Thus, the recursion operators R; and R, convert any solution of the determining equation into
another solution of this equation. Note that these operators satisfy the commutation relation

x
Ri,Ry] = =Ry,
[Ri,Ro] = SRy
i.e., the linear span of these operators is the two-dimensional Lie algebra.
We can also introduce fractional recursion operators for the Equation (1). Indeed, since
D%u = oDfu, the operator
R3 = (Df

is also the recursion operator for Equation (1), and we have f3 = R3fp. It is easy to
prove that
[L/ R3] == 0/ [Rll R3] - Ol [RZ/ R3] == _DCR3'

The composition of recursion operators Ry and R; gives the fractional recursion operator
@ o
R4 = tDth + Exth
such that f4 = R4 fp, and

« o
[L,Rs] =0, [Ry,Rq] = > Rs/ [Ro, Ra] = — 5 R4/ [R3, Ra] = aRqRs.
Similarly, one can find other fractional recursion operators. Such operators can be also used
for constructing higher-order symmetries and can be useful for investigating qualitative
properties of Equation (1). Nevertheless, it is necessary to note that all these operators can
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be obtained in view of Equation (1) from the operators Ry and Ry, and, therefore, such
fractional operators should not be considered as primary recursion operators.

5. Conclusions

The obtained results indicate that higher-order symmetries of linear fractional partial
differential equations can be found explicitly in the same manner as Lie point symmetries
of such equations. The local higher-order symmetries for linear FDEs can be obtained
from the Lie point symmetries by local recursion operators that can be obtained from the
analysis of the first-order and second-order symmetries. It is natural to expect that such
equations have infinite sequences of higher-order symmetries. For example, any linear
FDE of the form

" ! oku
oDfu="0(t)+ ) ak(t)ﬁ
k=0

has the symmetries fo = u and f; = u,. As a result, there is a recursion operator R = Dy,

oku

k
(k =0,1,2,...). Additionally, some of such symmetries can be rewritten as fractio?ical
symmetries by initial FDE.

Nevertheless, the algorithm of finding higher-order symmetries described in this
paper is not applicable for nonlinear FDEs because in this algorithm, all fractional integral
variables are assumed to be independent and several linearization procedures are used.
Moreover, it is likely that the fractional-order form of higher symmetries is more suitable
for nonlinear FDEs. Thus, the development of methods of finding higher-order symmetries
for nonlinear FDEs remains a challenging problem of modern group analysis of fractional
differential equations.

and the equation given above has an infinite sequence of higher-order symmetries f; =
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