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Abstract

In this paper, Lie symmetry analysis method is applied to the (2+1)-dimensional
time fractional Kadomtsev-Petviashvili (KP) equation with the mixed derivative of
Riemann-Liouville time-fractional derivative and integer-order z-derivative. We ob-
tained all the Lie symmetries admitted by the KP equation and used them to reduce
the (241)-dimensional fractional partial differential equation with Riemann-Liouville
fractional derivative to some (1+41)-dimensional fractional partial differential equa-
tions with Erdélyi-Kober fractional derivative or Riemann-Liouville fractional deriva-
tive, thereby getting some exact solutions of the reduced equations. In addition, the
new conservation theorem and the generalization of Noether operators are developed
to construct the conservation laws for the equation studied.

1 Introduction

The (2+1)-dimensional Kadomtsev-Petviashvili equation, named after B. B. Kadomtsev
and V. I. Petviashvili [I], is an important nonlinear partial differential equation in math-
ematical physics. It is given by

2
Uzt — UlUgy — Uy — Uggzr = Uyy, (11)

which is one of the few integrable equations in high dimensions and comes from the
study of long gravity waves in a single layer or multilayered shallow fluid when the waves
propagate predominantly in one direction with a small perturbation in the perpendicular
one [2]. It also appears in many other fields, such as plasma physics, gas dynamics, etc.
Due to the widespread application of Eq. (1.1), it has attracted the interest of many
scholars. Especially, Chen [3] found the Backlund transformations related to symmetries
and integrability of the KP equation in 1975. Cheng and Li [4] discussed the constraint
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of the KP equation and its special solutions. Lou [5] derived an explicit and simple
constructive formula for the symmetries of the KP equation. Biondini and Pelinovsky
[6] discussed the two-dimensional localized solution and resonant two-soliton solution and
their properties for the KP equation. Ma [7] presented a class of lump solutions, rationally
localized in all directions in the space, to the KP equation through symbolic computation
with Maple. In addition, a large number of research results on the KP equation have
emerged in recent years (see [8, 9] 10, [1T], 12l 13} [14], 15] and the references therein).

In this paper, we applied Lie symmetry analysis method to study the following (241)-
dimensional time fractional KP equation:

Diuy — utigy — u?c — Uggpe = Uyy, 0<a <1, (1.2)

with Riemann-Liouville fractional derivative defined by [16]

F(nl—a) 88; f(f (t—égi’fzwrl ds, n—1l<a<nneN
oD f(t,x) = D} oI f(t,2) =
D? (t7x)7 a=néeN

for t > a. We denote the operator ¢Dj* as Df* throughout this paper, while D¢ = I*
is Riemann-Liouville fractional integral. Recently, many researchers have used different
methods and techniques to study the fractional KP equation (see [17, 18], 19, 20} 21 22]
23, 24] and references therein). Especially, Borluk et al. [22] proved the existence of pe-
riodically modulated solitary wave solutions of the fractional KP equation by dimension-
breaking bifurcation and discussed the line solitary wave solutions and their transverse
(in)stability. They also proved existence of lump solutions for the fractional KP equa-
tion via a variational approach, and presented numerically generated lump solutions and
observed the cross-sectional symmetry of the solutions numerically in [23].

As a generalization of the classical calculus, fractional calculus can be traced back to
the letter written by L’Hospital to Leibniz in 1695. Since then, it has gradually gained
the attention of mathematicians. Especially in recent decades, it has developed rapidly
and been successfully applied in many fields of science and technology [25] 26, 27 [28].
Therefore, it is very important to find the solution of fractional differential equation. So far,
there have been some numerical and analytical methods, such as Adomian decomposition
method [29], finite difference method [30], homotopy perturbation method [31], the sub-
equation method [32], the variational iteration method [33], Lie symmetry analysis method
[34], invariant subspace method [35] and so on. Among them, Lie symmetry analysis
method has received an increasing attention.

Lie symmetry analysis method was founded by Norwegian mathematician Sophus Lie
at the end of the nineteenth century and then further developed by some other mathemati-
cians, such as Ovsiannikov [36], Olver [37], Ibragimov [38] 39, [40] and so on. As a modern
method among many analytic techniques, Lie symmetry analysis has been extended to
fractional differential equations (FDEs) by Gazizov et al. [34] in 2007. It was then effec-
tively applied to various models of the FDEs occurring in different areas of applied science
(see [41), 42| [43) [44], 45| [46] 47, [48, [49] 50]). Lie symmetry analysis method can treat
differential equations uniformly regardless of their forms, transforming some solutions of
these equations into other forms of solutions by means of continuous point transformations
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[51]. The algorithm of its using for fractional partial differential equations (FPDEs) is as
follows:

1. To get the symmetry group admitted by the considered FPDESs by constructing local
one-parameter continuous point transformations.

2. In order to achieve dimensionality reduction, the obtained group generators are used
to perform similarity reductions on FPDEs.

3. For the reduced FDEs, various analytical and numerical methods are used to find
their solutions. For high-dimensional reduced FPDEs, go back to procedure one for iter-
ation.

The aim of this paper is to find all Lie symmetries for Eq. (1.2) by using Lie sym-
metry analysis method. Subsequently, for each Lie symmetry, we reduce Eq. (1.2) to
(141)-dimensional time fractional partial differential equations or time fractional ordi-
nary differential equations. Moreover, we obtain some exact solutions for the reduced
equations and construct the conservation laws by the new conservation theorem and the
generalization of Noether operators.

This paper is organized as follows. In Section 2, Lie symmetry analysis of Eq. (1.2)
is presented. In Section 3, the similarity reductions and invariant solutions for Eq. (1.2)
are obtained. The conserved vectors for all Lie symmetries admitted by Eq. (1.2) are
constructed in Sections 4. The conclusion is given in the last section.

2 Lie symmetry analysis of Eq. (1.2)

Consider the (2+1)-dimensional time fractional Kadomtsev-Petviashvili equation (1.2),
which is assumed to be invariant under the one-parameter (€) Lie group of continuous
point transformations, i.e.,

t* =t+er(t,x,y,u) + o(e), ¥ =x+e€(t,z,y,u) + oe),

y* =y +eb(t,x,y,u) + o(e), u* =u+en(t,r,y,u) + o(e),

Dt = Difug + en™' +o(€),  Dy«u* = Dyu+ en” + o(e), (2.1)
Dy<u* = Dyu + en? + o(e), D2.u* = D2u+ en®™ + o(e),

DZou* = Diu+en? + ofe), Diu* = Diu+ en™* + o(e),

X LTXXT

are the corresponding

where 7, £, 6, n are infinitesimals, and n®!, 9%, ¥, n**, ¥, n

prolongations of 7. The group generator is defined by

0 0 0 0

X=r0 40— +n— 2.2
"ot 5 0oy T aw (22)

and its prolongation has the form

0 0 0 0 0
X=X a,l T y_ 2 Tx Yy TTTT 2.3
pr i O(Dfug) o Ouy i Ouy i Oy i Oy i Opgms (2.3)
where

n* = Dy(n — Tup — Eug — Ouy) + Tuge + Eupy + Ouyy, (2.4)

nY = Dy(n — Tup — Euy — Ouy) + Ty + Euyy + Ouy,y, (2.5)
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Nt = Di(n — Tup — EUy — Ouy) + TUger + EUgan + OUgay, (2.6)
nvY = D;(n — T — Uy — OUy) + TUyyr + EUyye + Ollyyy, (2.7)
T,mmmm = Di (TI — TUt — gux - Huy) + TUgzzat + guxxxxx + euxxxxya (28)
and [52, (53], 54]

n®! =D Dy (n — Tup — Euy — Ouy)] + TD?H(UI) + &0 (taz) + 0D (tay)

=Df<R>—fj< A AT

n=1 n+l (29)
=X (D)D) - X () DROIDE )
n=1 n=1
with
R = Ne + UgNy — Ut(Tx + U:(:Tu) - ux(f:c + szu) - uy(el‘ + uﬂceu)v (2’10)

where Dy, D, and D, are the total derivative with respect to ¢, x and y, respectively.
The one-parameter Lie symmetry transformations (2.1) are admitted by Eq. (1.2), if
the following invariance criterion holds:

prX (Df‘uw — Uy — ui — Upggw — uyy) |(1.2) =0, (2.11)
which can be rewritten as

(T,a,l B T,mmmm _ unxw _ nyy _ 2ux7790 _ uxxn) ‘(1.2) =0. (2.12)

Putting n®!, 0%, n¥, n°*, n¥¥ and n***® into (2.12) and letting coefficients of various
derivatives of u to be zero, we can obtain the infinitesimals as follows:
« 2« 2«
T=ct, E=—-cx+c, 0=—cy+c3, n=——cu, (2.13)
3 3 3
where ¢1, co and c3 are arbitrary constants. So Eq. (1.2) admits the three-dimension Lie
algebra spanned by
0 a 0 2« 200 O 0

0 0

3 Similarity reductions and invariant solutions of Eq. (1.2)

In this section, the aimed equation (1.2) can be reduced to some (1+1)-dimensional frac-
tional partial differential equations with the left-hand Erdélyi-Kober fractional derivative
and some other solvable fractional differential equations with Riemann-Liouville fractional
derivative.

. —4+90 4 a0 4 20,9 _ 2a, 0
Case 1: X =tg + 325, + 3 Yay T Uy
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The characteristic equation corresponding to the group generator X; is

dt  dz d d
S (3.1)

from which, we obtain the similarity variables :Et_%, yt_%a and uts. So we get the
invariant solution of Eq. (1.2) as follows:

u(t,z,y) = t_%af(wl,m)a Wy =at 5, wy=yt 3. (3.2)

Theorem 3.1. The 81m11ar1ty transformatlon u(t,z,y) = 5 f(w1,wz) with the simi-

t
larity variables wy = at™ 3, wo = Yyt~ % reduce Eq. (1.2) to (1+1)-dimensional fractional
partial differential equatlons given by

(Pé_éx’afwl)(wlawﬂ ffw1w1 - wl fwlwlwlwl - fwzwz =0, (33)

a’2a

where (77(;’1'752) is the left-hand Erdélyi-Kober fractional differential operator defined by

m—1
Lk d 1 d L+K,m—K
(P55, ) (w1, w2) ]130 L+j— = wig - o 52<u2d—w2)(IC(;M;2 ) (w1, ws), k>0,
[ [k]+1, ifrké¢N,
e { K, if K €N, (3.4)

where

1 1
N0 fl s — 1) Lsm 8w 577 wosP2 )ds, K >0,

Y (w1, w2), k=0,
is the left-hand Erdélyi-Kober fractional integral operator.

Proof: For 0 < a < 1, the Riemann-Liouville time fractional derivative of u(¢,x,y) can
be obtained as follows:

(’CS’&QW(M,M) = { (3.5)

(67

ote

(7 fur (w1, w2)) = %[ﬁ /Ot(t —8) % Y f (xs %,ys )ds}.

Dfu, =
¢ Ua l—«o

t

Assuming r = ¢, we have

0 t=2a o —a 20— a 2a 0 —2a a,l—a
gilraa O et 0] = S )]
Because of wy = 2t~ 3 and wy = yt , the following relation holds:
0 a 0 20 0
tafwl (w1, w2) = _§WI8—Mfwl (w1, w2) — 3 Y2 80y Juon (W1, w2).

Hence, we arrive at

a _ 12« _ . g i o 2_a i l—a,l-«a
Diu, =t [(1 2a¢ 3w1 Boon 3 “JQ&UQWC%% fwl)(wl,wg)]

= t72(Py 3 fun) (w1, w2).

a’2a
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Meanwhile,

—UUgy — ngg — Uggarx — Uyy = t_2a(_ffw1w1 - 51 - fw1UJ1w1W1 - fw2W2)’
This completes the proof. O
Next we use the power series method to derive the power series solution of the reduced
equations (3.3). Let us assume

o
flwr,we) = D ammwiwy’, (3.6)
n,m=0
then
Ty
Y (n+ 1)an+1,mW?W§n7
8&)1 n,m=0
0? >
8—J; = Z (n+2)(n + 1)apt2mwiwy’,
“i n,m=0
i D (m+2)(m A+ Danmiawiwy’,
w2 n,m=0
o*f >
o1 = 2 () +3)(n+ D0+ Dan g mwfwd,
w1 n,m=0
and
1-2a, @ 0 2cv 0
(P%72i:lafwl)(wl7w2) =(1—2a - gwla—wl - ?u&@—wz)
X (# /oo(s —1)7xg%a2, (wls% wgs%a)ds)
P(l — Of) 1 w1 ’
o 0 2cv 0
(1 -2 — S — 2
( “ 3 w1 8w1 3 w2 OCUQ )
& n, m oo
An41,mWy Wy _ (n+2m+6)a _9
(3 g [T e R
n,m=0
« 0 2c 0
(1 —92q — S 2 2L
( “ 3W1 8w1 3 w2 OCUQ) (38)
& n, m
Apt-1,mWi Wy noa  2mao
— = < Bl-a—————,1—
X ( Z (1 —a) ( @ 3 3 @))
n,m=0
« 0 2c 0
(1 —92q — S22
( “ 3w1 0w 3 w28w2)
. T'l—o—ne_ 2ma
3 3
X ( Z; F(Z —%2a — no m_a)an_;,_me?wén)
n,m=0 3 3

() F(l _ (n+2m43)a
- Z (n+27§1+6)o¢ U4 1,mWI W3
n,m=0 F(]‘ - f)
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where B(p,q) = fol 2P~1(1 — )9 'dz is a beta function, and o must satisfy 1 — o — i —

2’”Ta > 0 and 1 —a > 0. For the given 0 < o < 1, there exists two positive integers
n,m satisfy the condition 7 : n 4+ 2m < 3(1 — a)/a. If 7 : n 4+ 2m > 3(1 — a)/a holds,
then the integral in (3.8) vanishes in the sense of the Hadamard’s finite-part integral [55].

Hadamard ignored the singular term and defined the integral as [55]

b f(t) — f(b) f(0)
/am / _ta+1dt_ (b_t)a+1’

where 0 < o < 1 and f(t) is Lipschitz continuous on [a,b]. Coincidentally, the integrals
in the sense of the Hadamard’s finite-part integral has the same results as the case of
convergence [52] 53|, 54].

Substituting (3.6)—(3.8) into the reduced equation (3.3) and equating the coefficients
of different powers of w, we can obtain the explicit expressions of ay, ,, and by, s,.

r P(l _ (n+2m43)a m
(n+22+6)a)an+1,mW?W? = D) = kA D)k + Dagr jan—pstm—jwiwd

nﬂn:olxl'— —3 n,m=0 k=0 j=0
— >+ +3)(n+2)(n+ Danpamwlewd — Y (m+2)(m + 1)ap myowlwy = 0.
n,m=0 n,m=0
(3.9)
For n +2m < 3(1 — a)/a, we have
. B 1 |:F( (n+2m+3) )a
T T 4 ) (n+ 3)(n+2)(n+ 1) Lp(1 — M) ik Lm
0 om (3.10a)
— (m+2)(m+ Vanmiz — 3 > (n—k+1)(k+ 1)aps1j0n—ks1,m—j |,
k=0 j=0
for n 4+ 2m > 3(1 — a)/«, we have
1
n+4,m — — 2 Daym
Gntbm = T M+ 3)n + 2)(n 1 1) [ = (n o 2)(n o+ Danmsz
(3.10Db)

— Z Z(n —k+ 1)(]€ + 1)ak+1,jan_k+17m_]~],

k=0 j=0

where ay, ,m = ;w" 8‘2::1 (0,0) (n =0,1,2,3;m = 0,1,2,...) are arbitrary constants. It
means that the power series solution of (3.3) is

n+4

wp T wy'
fwi,w A mwWlwst +
=S St + 3% e
(n+2m+3)a
Xr(l—in 3 i — Z wit
P(l_w) Gntlm nmzo(n+4)(n+3)(n—|—2)(n+1)

X [0Skt Dk + Dagsr jan-ksimeg + (m+2)(m + Danmsa]
k=0 j=0
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(3.11)

Therefore, the power series solution of Eq. (1.2) is

—(n+2m+6)a

T
7(7L+2m+2)a xn+4ymt 3
) =3 3 anay" s
n=0m=0 n,m=0 (’I’L+4)(TL+3)(TL—|—2)(’I’L—|—1)
y r(l__ﬁﬁi%giékz . - j;i n+4yn%_iﬁi21i9£
H1_QE2gQ% n+lm nmﬂﬂn+4xn+3xn+2xn+g

X [0 D=k + Dk + Dagsr jan-ks1meg + (m+2)(m + Danmsa]
k=0 j=0

(3.12)

Theorem 3.2. The power series solutions (3.12) are convergent in a neighborhood of the
point (0,0, |agl)-
Proof: From (3.10), we can obtain
ansaml < :
a
TS (- 4)(n o+ 3)(n - 2)(n + 1)

n m
+) 0> (= k4 1)(k + Dlagr sl an—rr1m—jl|
k=0 j=0

[A]anﬂ,ml + (m + 2)(m + 1)’an,m+2‘
(3.13)

‘F(l (n+2m+3)a )

where A = | for n + 2m < 3(1—a)/a, A =0 for n+2m > 3(1 — a)/a.

Thus, for arbltrary natural numbers n and m, (3.13) can be written as

n m
anstml < M (lansiml + 30 3 lawsrllankeimol + lanmal), (3.14)
k=0 j=0

N |

1
(n+4xn+3xn+2xn+1nr(y-@iégiﬂﬂﬂ’("+4Xn+3)}
Consider another power series

where M = max{

P(wy,w2) Z PnmWiwsy ', (3.15)

n,m=0

where py = |anm| (n=0,1,2,3;m =0,1,2,...) and

n m
Pn+dam = M<pn+l,m + Z Zpk+1,jpn—k+1,m—j + pn,m+2) . (316)
k=0 j=0
Therefore, it is easily seen that |ap m| < Prm and by m| < gnm for n,m =0,1,2,..., that

is, the power series (3.15) is the majorant series of (3.6). We next show that the power
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series (3.15) is convergent. By simple calculation, we can get

P(wr,ws) ZZanwlwg + M ((P(wi,w2) Zpomwg

n=0m=0

+ (P(w1, w2) Z po,mwsy") (P(wi, w2) Z Pomws") (3.17)

-2
+ (P(w1,w2) E E Pr,mwWiws" W1W2 )

n=0m=0

Consider the following implicit function with respect to the independent variable wy, ws:

3 o0 00
F(wy,wq, P) =P — Z Z Prmwiwy® — M ((P — Z DO,mwWy" )Wy
m=0

n=0m=0

o0 o0
> Pomwi) (P = > pomwhwi (3.18)
m=0 m=0
e 1
SN pumwlePwiwy ),

n=0 m=0

which is analytic in a neighborhood of (0,0, po0), and F'(0,0,po0) =0, g—£|(070,p070) =1=#£0.
Therefore, by implicit function theorem, the power series (3.15) is analytic in neighborhood
of the point (0,0,pp0). It implies that the power series solution (3.6) is convergent in a
neighborhood of the point (0,0, |ago|). This completes the proof. O

Case 2: Xy = 6%

The characteristic equation corresponding to the group generator X5 is

dt dx dy du
e A 1
0 1 0 0’ (3.19)

from which, we obtain the similarity variables ¢, ¥ and u. So we get the invariant solution
of Eq. (1.2) as follows:

w=f(t,y). (3.20)
Substituting (3.20) into Eq. (1.2), we have the following reduced equation:

fyy =0, (3.21)
from which, we can obtain the following trivial solution:
u=g(t)y + h(t), (3.22)
where ¢(t) and h(t) are arbitrary functions.

Case 3: X3 = 6%
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The characteristic equation corresponding to the group generator Xs is

dt dz dy du
P A 3.23
0 0 1 0’ (3:23)
from which, we obtain the similarity variables ¢, z and u. So we get the invariant solution
of Eq. (1.2)
u = u(t,x), (3.24)

and the reduced equation
Diuy — utigy — ui — Uggrr = 0, (3.25)

which is (141)-dimensional time fractional partial differential equation. For (3.25), we
can once again use the Lie symmetry analysis method to obtain the following generators:

0 «a 0 20 0 0

A = - —u—, Ap=—. 2
e T3 3 e T s (3.26)
(1) For Ay, the characteristic equation is

dt d d

c_x- (3.27)

from which, we obtain the similarity variables 2t~3 and ut’s . So we have the following
invarant solutions:

u:t_%af(w), w=xt"5. (3.28)
Substituting (3.28) into Eq. (3.25), we can get the following equation:
(P f)(w) = f1" = (/) = f¥ =0 (3:29)

Next we use the power series method to derive the power series solutions of the reduced
equations (3.21). Let us assume

w) = iakwk, (3.30)
k=0
then
Flw) =Y (k+ Dagpw”,
k=0
F'(w) =) (k+2)(k+ Daggaw”, (3.31)
k=0
FO W) = (k+4)(k+3)(k +2)(k + 1)agrsw”,
k=0
and

(k+3)a

O!Oé > F
(P = 3 T+ Dok @31
@ k:OF 3 )
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with the conditions 1 — @ > 0and 1 — a > 0. For the given 0 < a < 1, there exists a

positive integer s such that for all integers k < s, (k + 3)a < 3 and the integral in (3.32)
exists. If k > s, then (k + 3)a > 3 and the integral in (3.32) vanishes in the sense of the
Hadamard’s finite-part integral.

Substituting (3.30)—(3.32) into the reduced equation (3.25) and equating the coefficients
of different powers of w, we can obtain the explicit expressions of a;. For k& < s, we have

(1 — (k+3)x
== (3.33a)
— > (42 (i + Dagpoa; — Y (i+ 1D + Daiprajia),
i+j=k it+j=k
for k > s, we have
1

_ _ 4 2)(6 4 Daga;

ak+4 (k+4)(k+3)(k+2)(k+ 1) |: Z—l—Z_k(Z+ )(Z + )a +2a.7
= (3.33D)

= 3 G+ DG+ Dagaaza),
it+j=k

where a; = f (i)(O), (1 =0,1,2,3) are arbitrary constants. It means that the power series
solution of (3.25) is

O‘)I€+4

J(k+3)(k+2)(k+1)

k+4

S
2 3
w) =ag + a1w + asw” + azw” +
f() 0 1 2 3 1;: k14

(k+4)(k +3)(k +2)(k + 1)

(k+3)a
ra- (3.34)

Mg

X —————>——(k + 1)ay
F(l (]HE,’G)Q)( ) +1 =

B
Il

0

| D 42+ Davaa; + Y (410 + Dasaga)-
i+i=k i+j=k

Therefore, the power series solution of Eq. (1.2) is

kdy— O
x t~
¢ —agt™ o 24-
ult,2,y) =aot™ ¥ +aret™ + T o+ aga’s +Z k+a)k+3)k+2)(k+1)
(] — k£3)a o0 fotdy— EEO)e
Wil e s /PRI o S s .
r(1 ) 2 Gk )k + 3k 2)(k + 1)

X { Z (t+2)(i 4+ 1)ajs2a; + Z i+1)(j+1 az+1a]+1]
i+j=k i+j=k
(3.35)

Theorem 3.3. The power series solutions (3.35) are convergent in a neighborhood of the
point (0, |ao|).
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Proof: From (3.33), we can obtain
1
E+4)(k+3)(k+2)(k+1)

+ > (i +2) @i+ Dlaggallaj| + D> i+ 1) + Dlaillajal|,
i+j=k i+j=Fk

ksl < |AGk+ 1)k

(3.36)

_ (k+3)
where A = w for k < s, A =0 for k > s. Thus, for arbitrary natural numbers
N

k, (3.36) can be written as

akpal < Mlarial+ Y Jaallal + D laillagl], (3.37)
it+j=k i+j=k

) 1y
(k+4) (k+3) (k+2) |0 (1— &Ly 2 (k+4)(k+3) 77
Consider another power series

where M = max{

Blw) =) b, (3.38)
k=0
where b; = |a;| (i =0,1,2,3) and
bras=M(be+ Y bipabj+ Y bipibj1), k>0 (3.39)
i+i=k i+j=k

Therefore, it is easily seen that |ax| < by for £k = 0,1,2,..., that is, the power series (3.38)
is the majorant series of (3.30). We next show that the power series (3.38) is convergent.
By simple calculation, we can get

B(w) = bg+byw+bow?+bzw® + Mw? (B(w)w2—|—B(w)(B(w)—bo—blw)+(B(w)—b0)2). (3.40)
Consider the following implicit function with respect to the independent variable w:
U(w, B) = B—by—bijw — bow? — byw® — Mw? (Bw? + B(B — by — bjw) + (B —by)?). (3.41)

which is analytic in a neighborhood of (0, by), and ¥(0,b) = 0, %\I’(O,bo) = 1. There-
fore, by implicit function theorem, the power series (3.38) is analytic in neighborhood
of the point (0,bp). It implies that the power series solution (3.35) is convergent in a
neighborhood of the point (0, |ag|). This completes the proof. O
(2) For Ag, the characteristic equation is

dt dx du

— == 3.42

0 T 0 ( )
from which, we obtain the similarity variables ¢t and u. So we have the following invarant
solution:

u = f(t), (3.43)

which satisfies Eq. (1.2), and is one of its trivial solutions.
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Case 4: X2+X3:a%+a%

The characteristic equation corresponding to the group generator Xo + X3 is

dt _do_dy _du
o 1 1 0’

(3.44)

from which, we obtain the similarity variables t, * — y and u. So we get the invariant
solution of Eq. (1.2)
u=u(t,w), w=z—y, (3.45)

and the reduced equation
D uyy — uttyy, — ui — Upwww + Uww = 0, (3.46)

which is (141)-dimensional time fractional partial differential equation. For (3.46), we
use Lie symmetry analysis method once again to obtain the following generator:

0

A = —.
1™ ow

(3.47)

However, in this case, we only obtain one trivial solution as (3.43).

4 Conservation laws of Eq. (1.2)

In this section, we will construct conservation laws of Eq. (1.2) by using the generalization
of the Noether operators and the new conservation theorem.
The Eq. (1.2) is denoted as

F = Dffuy — gy — ui — Upgaz — Uyy = 0, (4.1)
of which the formal Lagrangian [56] is given by
L=pt,x,y)F =pt,z,y) (D?um — Ulpy — u?c — Upgwr — uyy), (4.2)

where p(t,z,y) is a new dependent variable. The Euler-Lagrange operator is

) ) ) 0 i 0

—— D D?
I(Dfuy,) T Ouy T Oy Oy T Mg

9 _29
ou  Ou

— (D) De + D} ;o (43)
where (Dj')* is the adjoint operator of Df*. It is defined by the right-sided of Caputo

fractional derivative, i.e., [57]

(D8) f(t,x) = DG f(t,2) = { oy i g/ (s,0)ds, n—1<a<nneN
Dtrlf(tv"p)’ a=necN.
(4.4)
The adjoint equation to (4.1) is given by
oL
P = = _(D?)*p:c — Praxxax — Pyy — UPzx — 3pgug =0, (45)

=5, =
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from which, we can obtain the non-zero solution p = ¢(t)y with an arbitrary differentiable
function ¢(t), confirming the nonlinear self-adjointness of Eq. (1.2).

Next we will use the above adjoint equation and the new conservation theorem to
construct conservation laws of Eq. (1.2). From the classical definition of the conservation
laws, a vector C' = (C*, 0%, CY) is called the conserved vector for the governing equation
if it satisfies the conservation equation [D;C* + D,C® + D,CYp—=o = 0. We can obtain the
components of the conserved vector by using the generalization of the Noether operators.

Firstly, from the fundamental operator identity, i.e., (see [57, [58])

0
prX +Dyr- T+ Dy IT+Dy0-T=W"- 2t DN' + D N® + D NV, (4.6)
where prX is mentioned in (2.3), Z is the identity operator and W = n — 1uy — §uy — Ou,
is the characteristic for group generator X, we can get fractional Noether operators [59]
as follows:

n—1
0 0
t=7T = (=)D FW)DFDy——— + (—1)"J (W, D' Dy ———— 4.7
0 0 0 0
=T+ Df(W) e + W (— — D, - D3
6 + t ( )O(Df :c) + (aux auzx xau:c:c:c:c
0 0 0 0 (48)
D, (W D2 — D}X(W)Dp=—— + D2
NY =07 — WD, 9 + D, (W) 9 (4.9)
Y Dy, Uyy Oty
where n = [a] + 1 and J is given by
f (1,2,9)9(0,z,y)
J(f,9) = Tln = a) / _TaH —=dfdr. (4.10)
The components of conserved vector are defined by [59]
C'=N'L, C*=N*L, CY=NYL. (4.11)
Case 1: X —ta + & :Eax + 3 ya—y —%augu
The characteristics of X are
2 2
W = —?au — tuy — %xux — ?ayuy. (4.12)
Therefore, for 0 < o < 1,
C' =0,
2« 2 2
C* = — o(t)yD{(— 5 U + tup + gwum + ?ayuy) + gp(t)yux(?au + tuy
« 2a « 2a
+ 32U + ?yuy) + o(t)yu(aug + tugs + 3 Plas + ?yu;py)
Sa a 2 (4.13)
+ @(t)y(gumm + tUggat + §$ummmm + ?yummmy),
2 2
CcY=— cp(t)(—au + tuy + gmux + —ayuy)
3 3 3
4o « «
+ cp(t)y(?uy + tugy, + 3 Tllay + ?yuyy).
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Case 2: Xy = 8%

The characteristics of Xy are

W = —uy. (4.14)
Therefore, for 0 < o < 1,
C* =0,
C" =p(t)y(—Df s + U + Ullyr + Unarz), (4.15)
CY = = p(t)us + p(t)yuay.
Case 3: X3 = 8%
The characteristics of X3 are
W = —uy. (4.16)
Therefore, for 0 < a < 1,
C' =0,
C* =p(t)y(—Diuy + Ugtly + Wligy + Ugzry), (4.17)

CY=— @(t)uy + @(t)yuyy-

5 Conclusion

This paper demonstrates that Lie symmetry analysis method is effective for studying non-
linear partial differential equations with the mixed derivative of Riemann-Liouville time-
fractional derivative and integer-order xz-derivative. As an example, this article studies the
(2+1)-dimensional time fractional Kadomtsev-Petviashvili equation, obtains its Lie sym-
metries, and repeatedly uses the Lie symmetry analysis method to reduce the KP equation
and obtain some exact solutions. From the convergent power series solutions (3.12) and
(3.35), we can see that the fractional order plays a crucial role in the obtained results.
To our knowledge, the order a of the fractional derivative in fractional diffusion-type
equations determines the types of diffusion, including subdiffusion (o € (0,1)), normal
diffusion (o = 1) and wave diffusion (« € (1,2)) [41]. Therefore, fractional derivative can
more accurately describe anomalous diffusion and wave propagation in different media.
It means that the results obtained in this paper can more accurately reflect the dynamic
behavior of the waves described by the studied equation based on the choice of order a. As
the Lie symmetry analysis method is widely applied to time-fractional or space-fractional
differential equations, it is also gradually applied to FDEs with the mixed derivative of
time-fractional derivative and integer-order x-derivative. Inspired by these research ad-
vances, our next research goal is to use the Lie symmetry analysis method to investigate
FDEs with the mixed derivative of time-fractional derivative and space-fractional deriva-

0% Bﬁu)‘

tive (6t_a W
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