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1. Introduction

Nonlinear partial differential equations (NPDEs) are widely used to describe nonlinear phenomena
in various disciplines, such as mechanics, control processes, ecological systems, economic systems,
chemical cycle systems, and epidemiology [1-5]. The study of NPDEs is an important branch of
modern mathematics, both in theory and practical applications. Finding exact solutions to NPDEs has
been a central topic in mathematics and physics. In recent decades, mathematicians have developed
several effective methods for finding structural solutions of NPDEs, including the Lie symmetry
method [6, 7], Homogeneous equilibrium method [8—10], Darboux transformation [11], Béacklund
transformation [12], F-expansion method [13], Tanh method [14, 15], etc. Among these methods,
Lie symmetry analysis is one of the most classical methods. It utilizes a set of one-parameter
transformations in the space of independent and dependent variables to keep the NPDE unchanged.
Lie symmetry methods have been widely applied to solve problems in mathematical physics, nonlinear
science and engineering physics [16, 17,34]. It is well known that the famous (1+1)-dimensional the
Ito equation is
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Uy + Oty + Oully + Uy = 0. (L.1)

The above equation was firstly proposed by Ito, and its bilinear Bicklund transform, Lax pair and
multi-soliton solutions were obtained. The rolling behavior of a ship in regular sea is usually predicted
by the Ito equation, and the interaction between two internal long waves can also be described by the Ito
equation. Due to the typical nature of the Ito equation as a soliton equation, a great deal of research has
been done concerning it. Ma and Li investigated the evolution and degradation of the torsional attractor
solutions of the (2+1)-dimensional Hirota-satsuma-Ito class equations using symbolic computation and
Hirota bilinear equations [18]. Based on an extended homoclinic test and bilinear method, Li and Zhao
studied the exact soliton solutions of the (2+1)-dimensional Ito equation and explicit solutions such as
trigonometric function solution, soliton solution, double periodic wave solution and periodic solitary
wave solution are obtained [19]. Based on a multidimensional Bernhard Riemann & function, Tian
and Zhang used a clear and direct method to explicitly construct the periodic solutions of the (1+1)-
dimensional and the (2+1)-dimensional Ito equations [20]. Then, using Hirota’s bilinear method and
the positive quadratic function, Tian and Li obtained some global solutions of the (2+1)-dimensional
Ito equation [21].

Recently, Ma and Wu obtained the local interaction solution of the Ito equation with free parameters
in the (2+1)-dimensional Ito equation by Hirota bilinear transformation [22]. In 2022, based on
previous studies [23-25], Wazwaz extended the equation to (3+1)-dimensional Ito equation, proved
its complete integrability by Painleve analysis and derived the multi-soliton solution [26] using the
simplified Hirota method. Based on the traditional (2+1)-dimensional Ito equation,

X

Vi + Ve + 3 Q2v,v, + vy) + 3y, f vidx' + avy + By = 0.

Let v = u,, then the equation can be transformed to the following new form which is studied in this
paper

Uy + Uxxxxt + 3(2uxxuxt + uxuxxt) + 3uxxxut + auxyt +ﬁuxxt = 07 (12)
where @ and 8 are real parameters. The Ito equation is completely integrable and possesses many
conservation laws. If 8 = a = 0, the above equation becomes (1+1)-dimensional. In this paper,
Lie symmetry analysis method is used to study the Ito equation, some special solutions are found,
their plots are drawn and dynamical behaviors are studied. The arrangement of this paper is shown in
Figurel below.

Integrability )
Introduction mm) analysis and Lie s SY;ﬂm?t”C — Power.f_,enes
symmetry analysis reduction solution
Conclusion and "
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future work

Figure 1. The arrangement of the sections of this paper.
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2. Integrability analysis and Lie symmetry analysis of the Ito equation

2.1. Integrability analysis of the Ito equation

Painlevé analysis [27] is a useful method for examining the complete integrability for NPDEs. We
first assume that the solution of the equation is explored as

(o)

u(x,y,t) = Z i (x, y, O(x, y, 1,

k=0

which is a Laurent series with respect to a singular manifold y(x, y, ). Following the Painlevé analysis
gives resonances at k =1, 4 and 6. As a result, we obtain expressions for u,, u; and us,

2
a 2
75 :ﬁlﬁt'i‘%t-i'a’ up,
Uz = Y, + gt2 + azw
t 2ﬁ X

2 ﬁ 2
Us = U, + at (I/tll/t4 + I/tl) + @lﬂyt + I/t4(ﬁxx.

We found that u;, us and ug are left as arbitrary functions and this confirms that Eq (1.2) passes the
Painlevé test that confirms the complete integrability for Eq (1.2).

2.2. Lie symmetry analysis of the Ito equation

The one parameter Lie group of infinitesimal transformation of the Ito equation in x, y, t and u is
given by

Yo y+ep(x,y, t,u)+o &

’

X - x+s§(x,y,t,u)+o(£2),
)

f— t+8T(x,y,t,u)+o(£2),
n— u+£n(x,y,t,u)+0(82),

where ¢ is the group parameter. In particular, &, ¢, T and n are the infinitesimal operators of the
transformation for the independent and dependent variables, which will be determined later. The
vector field associated with the above mentioned group of transformations is given as

0 0 0 0
V =&(x, y,t, u)a + d(x, y,t, u)a—y + 7(x, y,t, M)E +n(x,y,2,t, u)a. 2.1

The symmetry group of Eq (1.2) will be generated by the vector field of the Eq (2.1). Using the
invariant condition

PPV(A)|,_, =0, (2.2)

where A =ty + Uyyrnr + 3 Quyxlyy + Uplliyr) + 3hyilty + Qlyy, + Buyy. The five-order prolongation for
Eq (1.2)is
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S5 X t d XX 0 xt 0 XXX xtt d
Prv=v+ng i, +"a_u,+" P +7 . +1n o +n 0u—m
N nmi N nxyti L o9 ’
Oty Oty Ot xs
where

0" = Dy (0 — &1y = puty — TU,) + Ety + Pty + Tity,
n' =D, (77 —&uy — duy, — Tut) + Euy + Puy, + Tuy,
0™ = DY (0 = &ty — Py = T,) + Etlysy + Gty + Tl
0" = DDy (0 =y = Gty = TUy) + Ettyy + Plhgy + Tk,
" = D) (1 — Euy = ity — TUy) + Ett ey + Plhry + Ttk
0" = DD (11— Eus — ity = TUy) + Ettes + Pl + Tik,
= DiDt (77 —&uy — du, — Tut) + Syt + PUixyr + Tlhyy,
" = D.D,D, (17 — &éuy — duy — Tu,) + EUpryr + Py + Tlhyyyrs
et = DiDt (77 —&u, — du, — Tut) + EUyinat T Plhaxrnyr + Thrxrar

Substituting these extensions in Eq (2.2), we get the determining equations:

1
—=¢,,

2 a
nx = _§:8¢y + g‘fya n: = 0, Ny = 3

7, =7,=0,7, = -« (Ty) + ¢y,
1

‘fu = ft =0, é‘:x = §¢y’

¢u = ¢ = ¢ =0.

By using the software Maple to solve those equations, we get the following system of equations:

Fly)x F (?)(}54—1’71()7)
E="F—+F0), ¢=F() T= o ’
2 _ —
"= Q(Ff;y)x e (), e (3F3y) + ),

where F, F5 and F, are arbitrary functions of y and F’, is a arbitrary function of % In 2022, Kumar
discussed a case where F’, is a constant [28]. In this paper, we discuss the more general case. So we

have
at—y

Fi=Ciy+Cs, F,=0Cy )+Cs, F3=C3y+Cs, F4=Csy+0Cy,

a
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where Cy, C;, C3, Cy4, Cs, Cg and C; are arbitrary constants. So the vector fields of equation (1.2) are

p p p p v\ 8
Vl—a, Vz—a, V3—$, V4—y£, Vs—(l—;)a,
10 0 a 0 0
Vo= —o 4, v =82 4y 2
T ot oy 7T 3% TV ax

1 0 yod x0 0
Vg=—(-4Bx—6u)— + =— + =— + y—.
5 18( pa u)(?u " a ot " 30x +y8y

Thus, all the infinitesimals of Eq (1.2) can be written as the linear combination of the vectors V; as

V =piVi+paVa+ psVs+ paVi + psVs + psVs + p1Vs + psVs.
The commutator relations of Lie algebra between the vector fields can be represented in Table 1.

To compute adjoint representations of symmetry operators for Eq (1.2), we use the Lie series [29,30]

& n

Ad (CXP (ﬂV,)) Vj = Z % (CldVl-)” (V/) = Vj -9 [V,‘, Vj] + %ﬁz [V,‘, [Vi, VJ” —

n=0

The full adjoint representation table entries are tabulated in Tables 2 and 3.

With the assistance of Tables 1, 2 and 3, by carefully applying adjoint maps, we discuss useful
linear combinations of vector fields for the considered equation, which are taken as follows:

(I)Vl + V3 + VG’ (ll)Vl + V4 + V6, (111)V2 + V7, (IV)Vg

Table 1. Commutator table.

ViV, Vs Wy Vs Ve Vs Vs
v 0 0 0 0 0 0 0 W
v, 0 0 0 0 0 V 0 0
vy, 0 0 O O 0 0 0 —1V;
Vi 0 0 0 0 -V 0 0 -3V,
Vs 0 0 0 V3 0 0 WV Vs
Vo 0 0 -V, 0 0 0 O 0
v, 0 0 0 0 -V 0 0 -3V,-2pV,
Vg —1Vi 0 1Vi 3V, -Vs 0 3V, 0
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Table 2. Adjoint table.

Ad. Vi Vs V3 |
Vi Vi Vs Vi Vy
V, Vi V, V; Vy
Vi Vi Vs Vi Vs
Vy Vi Vs Vs Vs
V5 V1 V2 V3 V4 — & V3
Ve Vi Vo + Vhln(e + 1) Vs Vs
Vs Vi Vs V3 Vs
Vs Vi=Vin(l - 1e) v, Vi—Vsln(e+1) Vg

Table 3. Adjoint table.

Ad. Vs Ve Vi Vs

Vi Vs Vs 1Z Vs — 3£V

V2 V5 V6 — & V2 V7 VS

Vs Vs Ve V; Vs + 16V;

V4 Vs + Vs Ve Vs Vg + %8V4

V5 V5 V6 V7 — & V] Vg — & V5

Ve Vs Ve V7 Vs

V; Vs+eV, Ve V; (1+2e)V; + 26V,
Vs eVs Ve V; - V7ll’£(%8 +1) Vs

3. Similarity reduction of the Ito equation

In this section, we obtain numerous closed-form invariant solutions for equation (1.2) utilizing the
Lie symmetry analysis. Two stages of symmetry reducations will be taken with the aid of invariant (or
similarity) functions. We firstly solve the associated Lagrange’s characteristic system given by

dr _dy _di _ du
& ¢ T n’
which leads to similarity functions.

14

3.1. Symmetry reduction for Vi + V3 + Vg = % + a% +55

d
* o
We use the symmetry V; + V3 + Vi to reduce the Ito equation (1.2) to a nonlinear partial differential
equation (NODE). The characteristic equations of V| + V3 + Vi give the invariants
T=-at+y, X=-at+x, V=-at+u. 3.1
Replacing Eq (1.2) with Eq (3.1), we obtain the reduced (1+1)-dimensional equation:

(@ = B)Vxxr + (@ = B)Vxxx — Vxxxxx — Vxxxxr — 6VxxVxr — 6V;2(x

(3.2)
— 6VxVxxx = 3VxVxxr = 3VrVxxx = 0.
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Then we apply the classical symmetry again, the vector fields of Eq (3.2) are

_1 0 0 0
V) = 5[(—2T +2X)(I+ (2T — 2X)ﬁ— 3V]W + Tﬁ +Xﬁ’
V. _i V. _i Y _Ti+Ti
2T PTav YTer T ax

3.1.1. For V,

We obtain the invariants

X a p a B
=—,R= V+(———)T—(———)X T.
YT [ 373 373
By substituting group invariant solution, we have the reduced equation
6(W — DR, Ry + 6(w — DR+ (W — DRy + 21R Ry + 3Ry Ropny = 0. (3.3)

The exact solutions of equation (3.3) have been found in Section 4.1.

3.1.2. For Vo, + V3 + V4
We obtain the invariants
w==-T+InT+1)+X,R=V-In(T + 1),
which reduce Eq (3.2) to a NODE

(Q’ _ﬂ)waw - wawww - 6R3vw - 6Rwaww = O

Obviously, the general solution is not easy to find so we obtain a particular solution

-y+1
u:—tan(%nyﬂ)wwmy. (3.4)
3.2. Symmetry reduction for Vi + V4 + Vg = yaa—u + é% + a% + %

We use the symmetry V; + V4 + Vi to reduce equation (1.2) to a NODE. The characteristic equations
give the similar invariants
[y
X=-at+x, T=-at+y, V:u+§a/ - aty.
By substituting the group invariant solution, we have the reduced equation

(@ =B)Vxxr + (@ = B+ 3T)Vxxx — Vxxxxx — Vxxxxr
- 6V)2(X - 6VXXVXT - 3‘/X‘/XXT - 6VXVXX — 3VTVXXX = O

In order to simplify the equation further, we use Maple to analyze Eq (3.5) for the second Lie
symmetry have the vector fields,

(3.5)

_ 0 P o - 0
= (97?2 + (48 — 4a) (T — X) — 6V| — + 6T — + 6X — = —

V) =977 + (4 - 4a)(T - X) 6V]6V+6 o tOXo Vi= o

V _Ti+i V _TZi_,_Ti_,_Ti

2T eV ar TR eV Ter T ax
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3.2.1. For V,

We obtain the similarity variable in the same way as follows:

X B T> (a B
W—T, R—|:V—7+(§—§)(T—X):|T

Then we obtain the following reduced equation:

(w=DR® + 5RY + 6(w — DR? |+ 21R R,y + 6(w — DR, R,y + 3RR 0, = 0.

The exact solutions of equation (3.6) have been found in Section 4.2.

3.2.2. For V,

We obtain the similarity variable in the same way as follows:

T2
=X, R=V-—.
v 2

Then we get following reduced equation:

(a' _ﬁ + 3T)waw - wawww - 6R2

ww

—6R,R,w —3TR,,, = 0.

By simple calculation, we find a solution for equation (1.2)

1t h(at—x)2+l 2+1
= ——tan —y + —.
“=73 2 )

3.2.3. For Vz + V3 + V4
We obtain the similar variable invariants by solving the characteristic equation,
T2
w=X+In(T+1)-T, R= V—j—ln(T+1).

Then we have the reduced equation

(a' _ﬁ)waw = Ry — 6R3V - 6Rwaww =0.

By simple calculation, we can obtain the group invariant solution of the equation (1.2)

- In(—at 1 1 1 1
u=—tan| 22T n(2a Ty )+§ +§+§y2+ln(—a/t+y+1).

a9

; -« 9 4,0
3.3. Symmetry reduction for Vo + V7 = Sx5- + y5- + 7

Solving the characteristic equation, we obtain the similarity variables and function

a , «
T=-ty+x, Y=y, V=u+€yt—§tx.

(3.6)

(3.7)

(3.8)

AIMS Mathematics Volume 8, Issue 12, 29797-29816.
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Now, substituting the values of the similarity variables in Eq (1.2), we obtain the reduced (1+1)-
dimensional equation as follows:

(Y2 +aT —ﬁY) VTTT - YVTTTTT - 6YV72~T - CYVTT - CZYVTTY =0. (39)
Again applying similarity transformation method (STM) on Eq (3.9), we get the following results:

_ 0 Y(3B-5Y)\ 8 o - 190
=3V— + 37+ =2 | = 9y — =——.
" 3Vav+(3 T . )dT+9 v 2T yar

3.3.1. For V,

We obtain the similarity variable as follows:

6aT +2Y? - 3BY 4
w = 1 ,R =
6aYs Ys
Now, we have the following equation by substituting:
4aWR, s — 3Rynw — 18R2, — 2aR,,,, = 0. (3.10)

The exact solutions of equation (3.10) have been found in Section 4.
: 1 a 0 a 0
3.4. Symmetry reduction for Vg = 75(=4B8x — 6u) 5 + 2 & + S + Vi
The characteristic equations of Vg give the similar invariants

X=xy3, T=-at+y, V:(u+ﬁ?x)y—, (3.11)

we put Eq (3.11) into Eq (1.2) and get the following reduced equation:

)
W=

_3VXXXXT - 18VXXVXT - 9VXXTVX - 9VXXXVT + XVXXT + 2Q'VXT =0.

Since the above equation contains one dependent and two independent variables, we again apply the
STM. Thus the Lie algebra of the above equation is spanned by the following vector fields

=x2 .90y por?
T o%ev T ax’ 2T v T
3.4.1. For ‘71 + V3
We obtain the similarity variable as follows:
nT+x, Reysll X7
w=—In , = -
18 9
By substituting, we obtain the reduced equation as:
2
“3RD + 18 (Ryn)? — 2(c + DRyy + 18R, Ry — 2WRyy + — = 0. (3.12)

9
The exact solutions of equation (3.12) have been found in Section 4.
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3.4.2. For Vz + ‘73

We obtain the similarity variable as follows:
w=X, R=V-InT.

Similarly, we obtain the reduced equation by substituting:

1
—9=R,.w = 0.
T

By simple calculation, we obtain a solution of equation (1.2)
ﬁ _1 _1 _2 2 —1
u:—§x+y SIn(—at+y)+apy 3 +a1xy 3 +ax7y . (3.13)

4. Exact explicit solutions of reduction equation

The solutions of nonlinear ordinary differential equations cannot be expressed by elementary
functions. So we assume that the power series solution of equation (1.2) is

[ee)

R(w) = Z a,w". 4.1)

n=0
So
R =) (n+ Dayaw,
n=0

R’ = Z(n + D01 + 2w,
n=0

(R'Y = )" 0+ i +2)(n + 1)1 + Datpaazow™,

wn:o L 4.2)
R = Z(n + 1)(n + 2)(n + 3)an+3wn’
n=0

RY = Z(n + 1)+ 2)(n + 3)(n + D), w",
n=0

RS = Z(n + D)+ 2)(1 + 3)(n + 4)(n + 5)a,, sw".
n=0

4.1. The power series solution of Eq (3.3)
Substituting Eq (4.1) and Eq (4.2) into Eq (3.3) and comparing coefficients, we have
3 1

as = 2—001612 + Eazag — Ealag — ga%

AIMS Mathematics Volume 8, Issue 12, 29797-29816.
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Consider n > 1, we get

1 SO
Apys = + D+ 2)n+3)n+d)n+53) 6 L j:()(] + D+ DG+ 2)(@ + aiain

-6 Z Z(j + DG+ DG+ 2)(iaj1ai43 + 3041043 + Jai20j0 + 201420 42)
=0 j=0

+ Z (i + 1)+ 2)( +3)(i + )i +3 Z Z(] + 1)(j +2)(i + DIG + 2)( + 3)ais

i=0 j=0
+7ai+1]aj+2] .

From the above recurrence formula, the coefficients of the power series solution can be determined by
ai, ay, as and a4, then the power series solution of Eq (3.3) can be written as:

Rw) =ag+aw+ aw? + azw® + awt + asw’ + Z ApysW"™.

n=1

Thus, we obtain the exact power series solution of Eq (1.2) as follows:
1 —at + X —at + x\’ —at +x\ —at + x\*
=—|ap + a + ap + as + ay
(—at+y) —at+y —at+y —at+y —at+y

+ —at+x5+ = —at+xn+5
ds Za 5
—at+y) &L\ ar+y

4.3)

1
tat=3@=p)y - x.

Next, the convergence of the solution is considered

1
(n + D(n+2)(n+3)n+4)(n+5)

[Z(i + DA +2)@ +3)i +4)(i + 5) |aisal

+ Z Z(z + 1) +2)( + D60 +21) [aji|laial + Z Z(z + 1) +2)(i +3)

i=0 j=0 i=0 j=0

Baj = 6aji(j+ D] laal +6 Y >+ D + 20 + Dliasr = iass = 2asaliajl

i=0 j=0

i+4 i+2 +1
MY+ 3 Yl

i=0 j=0

where M > 1. Then we set up a new power series of the form P(z) = ", b,z", where by = |ao|,
by = lail, by = |azl, b3 = |as|, by = |as| and

bus=M sz+4+zzbz+2b1+l ,n=0,1,2--

i=0 j=0

AIMS Mathematics Volume 8, Issue 12, 29797-29816.
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Obviously, we can get |a,| < b,, n =0, 1,2,3,- - -. In other words, the constructed power series P(z) is
a superior series of R(w). So

N,' n i
P() = b1z + by2? + bs2* + baz + bsz + M )" 3 [bies + ) bisabja+12"™.
n=1 i=0 J:O
Now, we construct an implicit function of z
F(z,P) = P — by — byz — by7? — b3z’ — byz* — bsz® — Mz’ (P = P'P”)

F is analytic in (0, by), so F(0, by) and (;_?bF (0, by) # 0. According to the implicit function theorem, we
prove that the solution of this equation is convergent.

4.2. The power series solution of Eq (3.6)

For Eq (3.6), we get in the same way

as = ay — 0 (4613 —Taya, + 3apas + 6a1a3) ,

1
Anys = n+Dn+2)n+3)n+dHn+5)

Z(i + 1) +2)( + 3 + D) + 5)aig.
=0

# O+ DG+ 2+ Dajaana(6i+2) + > > (i + 1) +2)( + Dais

i=0 j=0 i=0 j=0

[3a; = 6,0+ D] +6 > >+ DG + 26 + Dajoa (iain — iaia = 2ai)| .

i=0 j=0
Thus, the particular solution of Eq (1.2) is

—at+ X —at+ x

—at+Xx —ar+Xx —ar+Xx 4 5
)" +as( )
Ty - y

1 2 3
= ap+a +a +a +a
u y[ 0 l(—at+y) 2 at+y) 3(—at+y) (=

4.4)

—at+x .5 1 5, (—at+y)? 1
# D ans( )"l = 30 ety + e = @ = )y ),

Similar to the convergence analysis method of solution (4.3), we can also obtain the convergence

of solution (4.4). Similar to the above method, we also obtain the power series solutions for Eq (3.10)
and Eq (3.12). The results will not be repeated.

5. Dynamical characteristics
In this section, we will analyze the dynamical behavior of the solutions derived in the previous
section with three-dimensional and corresponding contour plots for the (2+1)-dimensional Ito equation

when parameters take different values.

AIMS Mathematics Volume 8, Issue 12, 29797-29816.
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5.1. Three-dimensional and contour plots of the solution (3.4)

In 3.1.2, we have obtained a solution (3.4) to the (2+1)-dimensional Ito equation,
- 1
u= —tan(xyT—Fny + 1) +3+1Iny.

Clearly, we find that u is independent of time t. Then we have § = 1 and observe the dynamics of u;,
when « varies. With the help of Maple, the physical properties and characteristics of the solution are
clearly depicted in Figures 2 and 3.

@a=18=1 b) a=2,5=1 ©a=38=1

Figure 2. Three-dimensional plots of solution (3.4) with arbitrary constants @ = 1,2, 3,

B=1.

@a=18=1 ) a=24=1 ©a=3p8=1

Figure 3. 2D-contour plots of solution(3.4) with arbitrary constants @ = 1,2,3, 8 = 1.

The three-dimensional graphs represent the local structure, while the contour plots show the wave
fluctuations. The denser the location in the plot, the greater the fluctuation. We observe the interaction
of (3.4) at @ = 1,2, 3, and this change alters the speed, amplitude and shape of the wave so that there
are more points of aggregation and the image becomes more dense when « increases. In Eq (1.2),
parameter « is the coefficient of u,,,, parameter S is the coefficient of u,,, and we fixed the value of
B and took different values for 8. We found that the amplitude and shape of the wave did not change
significantly, but the motion of the wave accelerated, making the wave in the plot more dense, which

AIMS Mathematics Volume 8, Issue 12, 29797-29816.
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can be understood in a physical sense. As the interaction effect of the two internal long waves increases,
the rolling behavior of the ship in the common sea area is accelerated.

5.2. Three-dimensional and contour plots of the solution (3.8)

In 3.2.3, we have obtained the group invariant solution (3.8) of the Eq (1.2),

3 x—y+In(—at+y+1) 1 1,
u= tan( > +2 +2+2y +In(—at+y+1).

With the help of Maple, the three-dimensional dynamic graphs of the wave married with corresponding
contour plots were depicted in Figures 4 and 5, and we directly observe the interaction phenomena of
the solutions at times ¢ = —5, 0, 2. At first, the distribution of aggregation points is more scattered, then
the aggregation points gradually increase and the wave spreads and continues to move. For Eq (3.8),
where the interaction parameters of two internal long waves are fixed, which is the values of arbitrary
constants @ and 8, we discuss the dynamic behavior of the wave with respect to ¢. With the increase
of 7, the amplitude and shape of a single wave does not change significantly, and the frequency of the
wave first decreases and then increases. At t = 0, the frequency of the wave is the smallest. Then,
we also found that the equilibrium position of the fluctuations increased significantly over time. From
a physical point of view, we believe that over time, there is a clear upward trend in the equilibrium
position of ships where rolling behavior occurs in common sea areas.
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Figure 4. Three-dimensional plots of solution (3.8) att = -5,0,2, @ = 1.
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Figure 5. 2D-contour plots of solution (3.8) att = -5,0,2, @ = 1.

6. Conservation laws of the Ito equation

This section describes a new conservation law proposed by Ibragimov [5, 31-33] for the Ito
equation, which is necessary for testing the integrability and the existence and uniqueness of the
solutions. The conservation laws hoids that

D,C*+ D,C” + D,C" = 0,

where D; is the total derivative operator

0 0 0 0 0 0 0

Di=——+u—+si—+u + 5 + u; + Sig— .
axi igu gy T gy, TGy, TG TSk gs T
The Ito equation has the formal Lagranglan
L=s(x,y,1) [um + Uxxr + Ollxlly + 3y + 3lxlly + Qlhyy +,8um] : (6.1)
From (6.1), we have

oL oL oL

6_ux = 3suy, _Mz = 3SUyrxs % = 05Uy, M = 05Uy,

oL OL OL OL
=, = Bu, +P)s, = 3su,, = as.

Oouy, s Oty Gux +B)s O, St Ouyy @

The adjoint equation of the Ito equation is expressed as
F* =38y — 38yl — Syt — 38ty — 3Sxalluxs — 3Sxlhaxar — BSxxr — 3Suaxlly — ASxyr = Sxxxxxt-
Since the Ito equation is nonlinear and self-adjoint, let u=s and we have
=BUalhy = Uy = SUarlliey = 3lallyery — By = Shexlly = Ay — Uy = 0.
Therefore, we observe that Eq (1.2) is not fully recovered. Thus, Eq (1.2) is not self-adjoint. Now, the
conserved vectors are given by
C' =& L+ Wiy Bs —9s,) + 61,y (S — Six) — Ol — 38,0 + Bty + )8y + Syt

+ 38ty + Sy + Sy ] + Wi(=35:uy — BS; — 383U — Sywe) — aWys, + Wi(Bsuy, — 5,

= 3uy Sy — BSy — sy — Se) + Wi Bsuy + 5) + Wy Gsuy + 85 + 55) + aWys

+ Wis — Wies; — WSy + Wis,
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C' =& L+ aWsy, —aW,s, —aW,s, + Wys,
C'= 7L+ W(sy + 3UySey + BSyy + USyy + Sxrxex) T W3Sy, — 8¢ — 3u,s, — sy — asy
— Seex) — AWys, — Wis, + W (Bsuy, + Bs + 5¢) + Wees + aWos — Wipse + Wiges.

with W = n — &u, — ¢u, — Tu,. These equations contain arbitrary function s(x,y, ), arbitrary parameters
a and B. This leads to the generation of an infinite number of conservation laws by defining their
conservation vectors. Therefore, we can write the conservation laws for the vector fields (i1)—(iv) in this
way.

6.1 ForVi+Vs+Vs= L+ £+ 10 +dyi

For vector field V| + V3 + Vg, we have W = dy —u, — u, — éu,.

' = s(uxtt t Uxxxr + 6Mxxuxt + 3quxxt + 3Mxxxut + QUyy; +ﬂuxxt) + (dy — Uy — Uy
1
- 5”[)(3suxxt - 6Sxxuxt - 9quxxt - 6suxxxt - 3stuxx + 3Sxtux +:8Sxt + Sy + 3Sxxut
1
+ 083Uy + @Sy + Sixnr) + (Une + Uy + auxt)(3s,ux + Bs; + 385Uy + So) — as(d
— Uyy — Uyy — (_lluyt) + (_uxt — Uy — Eutt)(3suxx -8 3uxsx _:8sx —asy — Sxxx)
1 1
- (uxx + uxxy + auxxt) (3sut + sxt) + (_uxxt - uxyt - auxtt) (3sux +ﬁS + Sxx)
1
+ a's(_uxyt — Uyyr — auytt) + s(_uxtl = Uy — aum) + St(uxxxx + Uxxxy + ;uxxxt)
1 1
+ Sx(uxxxt + uxxyt + auxxtt) - s(uxxxxt + uxxxyt + auxxxtt)7
1
Cy = S(uxtt t Usyxnt T 6Mxxuxt + 3quxxt + 3Mxxxut + QU xyr +ﬁuxxt) + (dy — Uy — aut
1 1 1
= U8y + @S (U + Uy + —thg) + Sy Uy o+ ) = Sl + Uy + ),
Ct = as(uxtt t Usxxxr T 6uxxuxt + 3uxuxxt + 3uxxut + QU xyr +ﬁuxxt) + (dy — Uy — Uy
1 1
- aut)(sxt + 3uxsxx +,8Sxx + A Syy + Sxxxx) - (uxx + Uxy + auxt)(?)suxx Y 3uxsx
1 1
_ﬁsx - Q’Sy - Sxxx) - a'sx(d — Uxy — Uyy — auxt) + Sx(uxt + Uy + autt) - (uxx + Uxxy
1 1 1
+ auxxt)(3sux +ﬁS + sxx) + S(_uxxt - uxyt - auxtt) + as(_uxxy - uxyy - auxyt)

1
+ Sx(uxxxx + uxxxy + auxxxt) + s(_uxxxxx - uxxxxy - Euxxxxt)-
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6.2. FOFV]+V4+V6:y3_u+(_yE+6_y+6_x

For vector field V| + V4 + Vg, we have W =y —u, — u,, — éut.

1
Cx = s(”xtt + Uyxxxr T 6uxxuxt + 3uxuxxl + 3uxxxul + QU xyy +ﬁuxxt) + (_ux - aut — Uy

+ y)(?’suxxl - 6Sxxuxl - 9quxt - 6suxxxt - 3stuxx + 3sxtux +ﬁsxt + 8 + 3Sxxut + 'Sy

1 1
+ 6quxt + Sxxxt) + (_uxx - uxy - auxt)(_?)stux _ﬁst - 3qut - sxxt) - CL’S;(I - auty
1
— Uyy — uy) - (uxt + Uy + autt)(?’suxx - 85— 3uxsx _ﬁsx - a'sy - sxxx) - (uxxx + Uxxy
1 1
+ Euxt)(Bsut + sxl) + (_uxxt - uxyt - Euxlt)(3sx +ﬁS + Sxx) + S(_uxtt - uytl - aum)

1 1 1
+ CL’S(—Myt = Uyyr — auytt) + St(uxxxx + Uxxy + auxxxt) + Sx(uxxxt + U xxyt + Euxxtt)

- (uxxxxt + U xxyt + auxxxtt)s s
Cy = S(”xtt + Uyxxxr T 6uxxuxt + 3uxuxxt + 3uxxxut + auxyt +:8uxxt + Olez(y — Uy — Eut
1 1
= Uty) + @Sy + Uy + —Uyg) + S (Uy + Uye + —Uy) + S(=Uy = Unyy — —Uhr),
(0 a o
t_
C = ;S(uxtl + Uspxnr T 6Mxxuxt + 3”xuxxt + 3Mxxxut + QU xy; +ﬁ”xxt) + (_ux — Uy — Eut
1
+ y)(sxt + 3uxsxx +ﬁsxx + ASyy + Sxxxx) + (_uxx - uxy - auxt)(3suxx - 3uxsx _ﬁsx

1 1
= 8§ — asy — Sxxx) - alsx(l — Uyxy — Uyy — auty) + Sx(uxt + Uyt + autt) + (_Mxxx — Uxyy

1 1 1
- auxxt)(?)sux +ﬁS + Sxx) + S(_uxxt - uxyt - auxtt) + als(_uxxy - uxyy - &uxyt)

1 1
+ Sx(uxxxx + Uxxxy + auxxxt) +s (_uxxxxx — Uxxxxy — auxxxxt)-
By repeating the previous calculation method, we calculate the remaining two Lie point symmetric
conservation vectors. The results will not be repeated.

7. Conclusions and future work

In this paper, Lie symmetry analysis, the optimal systems and conservation laws of the (2+1)-
dimensional Ito equation are given and the power series solutions and some special solutions and their
plots are discussed. Because there are arbitrary constants and functions in these solutions, we select
several appropriate parameters to draw the Figures 2, 3, 4 and 5, which show what happens when
these parameters are different. Next, we obtain some power series solutions for the nonlinear ordinary
differential equations. Finally, we establish the conservation laws of the Ito equation.

This paper employs the Lie symmetry analysis method to investigate the problem at hand. The selection
of the vector field is restricted to the linear form of the undetermined coefficients. However, exploring
other forms of undetermined functions may result in different solutions. Notably, recent studies by

AIMS Mathematics Volume 8, Issue 12, 29797-29816.
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some scholars have shown that the Lie symmetry transformation method can establish exact analytical
solutions for parabolic waves, traveling waves, block solitons, multi-solitons, curved multi-solitons
and other shapes. These results have significant implications for explaining various mathematical and
physical phenomena and enhance the value of this research. Accordingly, we explore this topic further
in subsequent work.
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