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ANALYSIS OF THE TIME FRACTIONAL
NONLINEAR DIFFUSION EQUATION FROM
DIFFUSION PROCESS

Jian-Gen Liu*?, Xiao-Jun Yang'?3' Yi-Ying Feng??,
and Hong-Yi Zhang!

Abstract Under investigation in this paper is a time fractional nonlinear
diffusion equation which can be utilized to express various diffusion processes.
The symmetry of this considered equation has been obtained via fractional Lie
group approach with the sense of Riemann-Liouville (R-L) fractional deriva-
tive. Based on the symmetry, this equation can be changed into an ordinary
differential equation of fractional order. Moreover, some new invariant so-
lutions of this considered equation are found. Lastly, utilising the Noether
theorem and the general form of Noether type theorem, the conservation laws
are yielded to the time fractional nonlinear diffusion equation, respectively.
Our discovery that there are no conservation laws under the general form of
Noether type theorem case. This result tells us the symmetry of this equation
is not variational symmetry of the considered functional. These rich results
can give us more information to interpret this equation.

Keywords Fractional Lie group approach, time fractional nonlinear diffusion
equation, invariant solutions, conservation laws.
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1. Introduction

In this paper, we mainly focus on the time fractional nonlinear diffusion equation,
which reads
Dy = auPug, +buP tul 0 < a < 1, (1.1)

where a, b are non-zero constants and p € N. This equation (1.1) usually is used to
write rich nonlinear phenomena of diffusion process. Meanwhile, it can also regards
as from the integer order nonlinear diffusion equation [19]

2

x)

wp = auPug, + buPlu

by replacing its time derivative by fractional derivative. Fractional derivative can
be liked as a generalization of integer order derivative. It may be better to emerge
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in different complex natural phenomena from mathematics, physics, biology and
engineering [20, 28, 31,40-42]. There exist many various definitions of fractional
order [4,16,17,27,30,34,43], such as the R-L fractional derivative

O u(x,t)

S, =m € Nj
Dfu(x,t) = t
1 o™ u(s,x)
Tm—a) 0t7 of (=)ot ds,m—1<a<m,méeEN,

the Caputo fractional derivative

u(z,t) a'gﬁff’t),a =m € N;
o —
Du(e, t) = e

¢
1
Ttm—a) bf (tis)aﬂ,mds,m —l<a<m,mé&N,

the Caputo-Fabrizio fractional derivative

T DE (@) = T S [ bl — ) )i,

with M (a) being a normalisation function satisfying M (0) = M (1) = 1, and the
Griinwald-Letnikov fractional derivative

z/h
Do f(a) = lim b 3 (1" () G —mh),
m=0 m

and so on.

Lie symmetry approach is a powerful mathematical tool to deal with integer or-
der or fractional order partial differential equations and ordinary differential equa-
tions [1,2,7,8,15,21,22,32,33,35-38]. For example, S.Y. Lou, et al used the non-Lie
symmetry groups to study the (2+1)-dimensional nonlinear systems in 2005 [21],
E. Buckwar, et al investigated the invariance of a partial differential equation of
fractional order under the Lie group of scaling transformations [1], R. Sahadevan,
et al analyzed the invariant analysis of time fractional generalized Burgers and
Korteweg-de Vries equations [33], D. Baleanu, et al used this approach explored
the time fractional third-order evolution equation [2]. Meanwhile, we had known
this famous fact that the Lie symmetry method can obtain massive new exact so-
lutions based on its reduced equation from the original equation. These new and
accurate solutions can help us reveal the deeper mechanism of the evolution of
things. Recently, many scholars applied different schemes to obtain various exact
solutions [5,9,10,12,23,24,39,44], such as multi-exponential wave solutions, soliton
solutions, lump solutions, rogue wave type solutions, and so on.

Next we applied the Lie symmetry method to analyze Eq.(1.1). As a result, the
symmetry, invariant solutions and invariant solutions can be found.

2. Lie group analysis of Eq.(1.1)

We used the Lie group method in this section to investigate the time fractional
nonlinear diffusion equation. As a direct result of this behavior, the symmetry
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of this equation (1.1) can be obtained. Based on the symmetry, some invariant

solutions are derived in the next section.

First of all, Eq.(1.1) keeps invariance under the following from one-parameter

continuous transformations group [3,15,22,29,32,36-38]

aN a—+eU°“(a:tu)+O( 2,
ote Ot
du  du "
3? %‘i‘EU (mtu)—i—O( )
27 2
ou 8—2+5U2x(xtu)+0( 2),
61'2 3:1‘
ko k
a—u a—Z+eU’“ﬂ”(aztu)+O( ),
where N
t =t+eT(x,t,u) + O(?),
T =z +eX(x,t,u) + O(2),
u=u+elU(x,t,u)+ O(2),
and

U*=D,U — uxDz(X) - utDt(T)v
U™ =D, U" — uac:cDac(X) - utDﬂft(T)’
Uk = DU — 3, Do (X) — ug— 1y De(T),

with D, is the total derivative operator

Do=2 v, ot
x 8 uza uajmau,r ......

Suppose that the infinitesimal operator V' has the form

V =T(z,t, u)g

0 0
oy + X(x,t,u)% +U(x,t,u)=—

ou’

and moreover, has

du

d a4,
dE e=0-

1 dz
T=— |s OaX*

x
|s OaU*

Utilizing the infinitesimal invariance criterion [8], yields

pr@OV (D) azo = 0,4 = Dfu— auPug, — bu’ "'

€T
where pr(®YV is the prolongation of V. It can be given by

0, e d )

(Oé,t) —
pr v=v+ 0DYu Ouy OUgy

+ Uﬂcm ot Uat.

(2.5)

(2.6)
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For the time fractional nonlinear diffusion equation (1.1), the above equation
(2.6) becomes

Ut — auPUyy — apul ™ g, U — 2buP~ u, U, — bpuP 202U 4 buP 202U = 0. (2.7)

Taking the coefficients of linearly independent derivatives u, tg,... and 97 "u,,
9y "u to zero, solving these determining equations, we obtain the solutions of the
form

T =2c1t+cy, X =c3+ oz, U = (cra0 — e2)u,

where c¢q, ca, c3 and ¢4 are free constants.
Meanwhile, as well to admit the structure of the R-L fractional derivative. The
invariance condition needs to satisfy

T(x,t,u)|=0 = 0. (2.8)
So
Cy = 0.
Therefore the vector fields are given by

9] 0 0 t 0 0

Meanwhile, we note that the vector fields (2.9) are closed by using Lie bracket,
respectively.

Vi = (2.9)

[Vlv‘/Q} :pvl7 [Vlav.?)] - [‘/23‘/3] - 0

In the next section, we used these vector fields (2.9) to derive a few invariant
solutions with fixed values .

3. Invariant solutions and reduction equations of
Eq.(1.1)

At the beginning of this section, the definition of invariant solution is concisely
given in this part. Then the reduction equations and invariant solutions of Eq.(1.1)
are found with some special values a.

Definition 3.1. Let u = u(z,t) be an invariant solution of FPDE Eq.(1.1) if and
only if
(i) w = u(x,t) is an invariant surface, i.e. Vu =0 = T% + X% + U% =0.
(ii) u = u(z,t) satisfies FPDE Eq.(1.1).

The invariant solutions of Eq.(1.1) can be expressed by two new invariants (p, q).
Using them the original equation can be reduced into an ordinary differential equa-
tion of fractional order.

For the case of V; = 6%, the characteristic equation can be shown as the following
form

de _dt_du
1 0 0’
has two different invariants as follows:

(3.1)

P=tQ=u. (3.2)
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The invariant solution of Eq.(1.1) is given by the form

Q= f(P)=u=[f(). (33)
Substituting equation (3.3) into equation (1.1), we have
de f(t)
=0. 3.4
dte 0 (3:4)

Eq.(3.4) has an invariant solution by using Laplace transform

€0 La-1
Ple) 7

u(z,t) = f(t) =

where ¢g is an arbitrary parameter.
For the case of Vo, = zpa% + 2u%, we get the characteristic equation of the
following expression

dr _di _du

yields two different invariants of the forms

P=1t,Q = uPz? (3.7)
Hence, has

1

w=(z2f()}. (3.8)

Furthermore,
2 2p- 10—-4 5
e = = T fF g = T (1) (3.9)

Substituting Eqs.(3.8) and (3.9) into (1.1) has the following reduced equation of
ordinary differential equation of fractional of the form

(1+3)
Zf(t) p (a,p + 2(1 + 26) (310)
374]92 :

Dy f(t) =

Hereafter, we give a few exact solutions with the special values « = 1/10,1/3,1/2,2/3,
respectively.

24p? (10529610 (0)¢10 4+ 5541900 (0) £16 + A1) "
(

e 18953298 T (%) (ap + 2a + 2b) ’
. 242 (18480 (0) 3 +11088 " (0) t3 +4158 " (0) 5 +1134 W (0) t'5 +243 ) (0) £ 5) ™
2 24640T (2/3) (ap+2 a+2b) ’
pAa8(1890 £ (0)v/E + 1260 (0) £ + 504 (0) t2 + 144 FH ()t + 32f6) (0)¢2) ™7
uz = 3
’ 3572100 7 (ap + 2a + 2b)2
. (x4p2(10920 £ (0)VtV3T (2/3) + 8190f" (0) £3+/3T (2/3) + 3510 (0) t5+/3T (2/3) + As) ek
e 145607 (ap + 2a + 20) ’
with

Aq = 1911000 (0) 35 + 490000, (0) £16 + 100000 (0) £10 ),
Ay = 1053fW(0) 5 /3T (2/3) + 243 &) (0)t 5 /3T (2/3) ,
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where the f(0) is an initial solution of Eq.(1.1).
In a similar matter, the vector field

t 0 0
Vi=—p——u—
3= 3Par Yo
corresponding to the form ordinary differential equation of fractional order as fol-
lows:

r(-2) /(@)

Miogial @ - o) -l @)+

a=0. (3.11)

4. Conservation laws of Eq.(1.1)

Basic information about conservation laws was firstly listed in this section [6,11,13,
14,18,25,26]. Then apply the Lie point symmetry, variational Lie point symmetry
and nonlinear self-adjointness to construct conservation laws of Eq.(1.1).

4.1. Basic knowledge on the conservation laws

Taking the following n-th order time fractional nonlinear partial differential equa-
tions of the form
F(t,z, Dfu,u ,u ,...7u(")) =0. (4.1)

And its formal Lagrangian is
L:vF(t,x,D,?‘u,u/,uN,...,u(")), (4.2)

where v = v(¢, z) is a new dependent variable.
Conservation laws need to admit the condition

Dt(ct) + D:v<cm) =0, (43)

where C!' = Ct(z,t,u,...),C* = C*(x,t,u,...) are called conserved vectors of con-
servation laws.

Definition 4.1. The adjoint equation of equation (4.1) is given by
6L ’ "
— = F*(t,x, Dfu,u .., ul™) =0, (4.4)
ou

and the Euler-Lagrange operator [3,29] is shown by

4] 0 0

_ D Z D 0
aNx Y ERELE s )
du;  Ouy (D7) O(Dguy) (=1)" Diiz..i 0

) (4.5)
k=1 (uj)iliz.“ik

where (D§)* is adjoint operator of D¢ and

(0DF)" = (=1)"Ir"~*(D}) = { DF, (§ D) = (~1)" D} (eIr" =) = D

Definition 4.2. Eq.(4.1) is called to be nonlinearly self-adjoint if its adjoint equa-
tion (4.4) upon the substitution v = ¢(¢, x, u, u, ...), then it becomes equivalent to
Eq.(4.1), for example,

F*lp=p = A, z,u, u,,...)F. (4.6)
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If ¢ = ¢(u) and ¢ (u) # 0, Eq.(4.1) is said to be quasi-adjoint.
Now we considering the case of u = u(x,t), has

V4D (T)I 4+ DE(X)I = W5i +D;N'+ D,N”, (4.7)
u
with o o0 0 ) 0
T—+X—+U_—+U, v
V=Tg +Xgp + Uy +Uagpm + VU 50 (4.8)

W =U—Tu — Xuy,

where [ is the identity operator, % is the Euler-Lagrangian operator, N*, N% are
the Noether operators.

The Noether operators N* and N? can be written as the forms with the R-L
fractional derivative as follows:

. o .9 ., 9L )
NP=XT4 W == Dal5 =)+ D25, =) = ]+ Da(W) g = Dal =)+ ),
n—1
oL oL
_ 1k pa-1-k k_ Y™ _ (_1\n n

where J is the following integral operator

J(f,9) = T —a) // fvs_z e 2dvd (4.10)

The invariance condition for V' of Eq.(4.1), becomes

(V L+ Dy(r)L + Dy(€)L)| gg.1) = 0 (4.11)

and Eq.(4.3) yields
Dy(N'L) + D,(N*L) = 0. (4.12)

Hence the x and t-components of conserved vectors with the different symme-
tries, respectively, are

. oL oL ,, OL oL oL
C _XL+W[auz —Dw(auzz)+D$(aumzz)— ...}+D$(W)[8um - “‘(aum” )
(4.13)
and
oL oL
a—1—k k _(_1\n n
TL+Z ) D¢ (W)D! T (=1)"™J (W, Dr 8(D§‘u))' (4.14)

In what follows we apply the processes to find the conservation laws to Eq.(1.1) in
the next subsection.

4.2. Conservation laws via Noether’s operator

Here we obtain the adjoint equation to Eq.(1.1) through the concepts and definitions
express to conservation laws in the form

oL

5u = (D) v 20— PP gy + (p — 1) (b — ap)uP~2u>. (4.15)
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Then, For V1, V5 and V3, get
t
W1 = —ugz, Wo = 2u — zpug, W3 = —u — —puy. (4.16)
@

Based on the subsection 4.1, the conservation laws can be obtained for Vi, Va
and V3, respectively.
For V4, the conserved vector of Eq.(1.1) are
Ct = I *(ug)v + J(—ug, vy),

4.17
Cf = vDfu — bouP ™ g + (20b — av, — avp)uguP ™t (4.17)

For V4, the conserved vector of Eq.(1.1) are given by

Ch = I'*(2u — xpug)v + J(2u — zpuy, vy),

C3 = xpvDiu + xpuP~ ul (vb — p) + uPu, (3vpa — 4vb — xpav, — 2va) + 2av,uP .
(4.18)
For V3, the conserved vector of Eq.(1.1) are the following forms

4 t 4
Ct= &vp(Df‘u — P Uy — buP " k) + I (—u — aput)v + J(—u— —put, V),

t _
C§ = —puP Y 2ubuguy — augv, — avpuguy + AUVULE) + vauuP.
o

(4.19)
Furthermore, if we taking v = u(t,z) = w(z)w(t) = cw(t), where ¢ is an arbitrary
constant, then we have

(D2)* (w(t)) = ©D2(w(t)) = 0.
So
u(t,z) = A = constant.

We assume that v = p(t,z) = 1, then Eqs.(4.17),(4.18) and (4.19) can be
rewritten as

C{ = _Itlia(uai)?

4.20
C}{ = Du — bupflui + (26— ap)umupfl, ( )
Ct =T1}'"*(2u — zpuy), (4.21)
C% = xpDiu+ xpuP~ u? (b — p) + uPu, (3pa — 4b — 2a), .
t t
Ct = —p(Dfu — auPug, — buP " u?) + I~ (—u — —puy),
a a (4.22)

t
C% = —puP ™ (2bugus — apugus + autiy) + augu?,
o

respectively.

4.3. Conservation laws via fractional generalizations of
Noether’s theorem

In the present subsection we will apply the generalization of Nother’s theorem for
fractional Lagrangian densities to find conservation laws with in the sense of R-L
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fractional derivative [13,18]. The a one-parameter group of transformation has a
variational symmetry group of fractional variational problem as follows:

b
L(u) = / S(t,z,u™, , Dfu)dt. (4.23)

Some useful Definitions and Theorems are listed in this text as follows [18]:

Definition 4.3. Assume that functions f and g are of class C! in the interval [a, b],
we have

DY (f,9) = —9:Dy f + faDf'g,t € [a,b]. (4.24)

Definition 4.4. The fractional conserved quantity ©(t,z) needs to admit the
relation of the from

O(t,z, o Diu, thu) = Z Okt z, o« Diu, thu)@?(t, x, o Diu, tDb’Bu), n € N,
i=1
(4.25)
where each pairs ©} and ©7 satisfy

1 2
D?L(@Zl (tr/lja aD?’uﬂtDl?u)@gi (tw%'a aD?uﬁDfu)) = OerZ € {aaﬁv 1}7 (426)

where j} = 1 and j2 = 2 or j} = 2 and j} = 2, along all the solutions of the
fractional Euler-Lagrange equations [18].

Theorem 4.5. Make L(u) be the set of functions u(t,x) which have continuous left
and right R-L fractional derivative of order o and 3 in interval [a,b], respectively.
Meanwhile, it with the boundary conditions

u(a) = Cy and u(b) = Cp. (4.27)

Then a necessary condition for L(u) to have an extreme for a given function u(t)
is that u(t) admits the Euler-Lagrange equation in the following expression

EW(9)=0,1<k<q, (4.28)
such that the k-th FEuler operator is shown by
0 9] 0
Ey =Y (-D);s= +¢Df 5 +aDu—o7, 4.2
k ;( h@u? t b@,lDf‘u t 8,5D5 (4.29)
where J = (jlvaa "'ajk)a (]- < ]k < D, 1< k < q)

Theorem 4.6. A connect group of transformations G acting on M is a variational
symmetry group of the fractional Lagrangian (4.23) if and only if

pr V() + SDiv(¢) = 0, (4.30)
for every infinitesimal general

p 0 q ja
szcaxﬁ;"%

i=1
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of G, Div denotes the total divergence of the p-tuple ¢ = (¢, (2, ...,¢").

Theorem 4.7. Let V and G be the infinitesimal generator of G and a variational
symmetry group of equation (4.23), respectively. There exists a p-tuple P(t,x,9%) =
(Pr1, Py, ..., P,) such that

Div(P) =W - B(S) = Eq: W, - Bo(S), (4.31)

v=1
where

P ouy
v M) = v ‘
ol ) = = D05

(4.32)

and W = (Wy,Wa,...,W,) is the characteristic of a conservation law for Euler-
Lagrange equation
E(S) =0.

Corollary 4.8. By means of equations (4.30) and (4.31), Eq.(4.33) is given by

pr V() 4+ SDiv(¢) = zq: W, E,(S) + Div(P), (4.33)

v=1

so, first integral of Euler-Lagrange equation or conservation laws of Fq.(4.1) is given

by
Div(P) = PrV () + IDiv(¢) — W - E(S). (4.34)

In what follows we apply these definitions and theorems of the above state to
construct conservation laws.

Considering the Lagrangian L = c¢(Dfu — auPug, — buP~tu2). For Vi,V and
V3, we first check the vector fields V;,i = 1,2,3 whether are variational symmetry.
We find that

()

prVL(S) 4+ S(Dy(T) + D, (X)) # 0, (4.35)
(i)

priVo(S) + I(De(T) + Do (X)) #0, (4.36)
(iii)

pr V() + S(De(T) + Da(X)) #0, (4.37)

for Vi, Vo and V3 with W1, W and W3, respectively. Thus, there no exist conserva-
tion laws by using this scheme.

5. Conclusion and Discussions

With the sense of Riemann-Liouville fractional derivative, the Lie point symmetry
was obtained through group analysis scheme for the time fractional nonlinear dif-
fusion equation, which usually be utilized to show various diffusion processes from
various fields of natural science. Then some new invariant solutions can be found
according to the ordinary differential equation of fractional order. Moreover, we
applied the Noether theorem and the general form of Noether type theorem to deal
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with the equation (1.1). As a result, the conservation laws yield this time fractional
nonlinear diffusion equation, respectively. However, our discovery that there are no
conservation laws under the general form of Noether type theorem case. This result
implies that there no exist the variational symmetry of this considered functional.
There are two different issues here that deserve further consideration. For example,

(I) Finding an effective way to get the solutions of fractional ordinary differential
equation;

(IT) How to apply the general form of Noether type theorem to find more con-
servation laws for others nonlinear fractional evolution differential equations.

These problems will be considered in the subsequent papers.

Acknowledgements. We are very grateful to the editors and reviewers for their
valuable comments.
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