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Abstract: In this paper, we consider conservation laws and exact solutions of the (3+1)-dimensional
modified KdV-Zakharov—Kuznetsov equation. Firstly, we construct conservation laws of the given
equation with the help of the conservation theorem; the developed conservation laws are modified
conservation laws. Then, we obtain exact solutions of the given equation via the (G'/G,1/G)-
expansion method. The obtained solutions are classified as trigonometric solutions, hyperbolic
solutions and rational solutions. Furthermore, graphical representations of the obtained solutions
are given.
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1. Introduction

Many phenomena in physics and other fields can be modeled by nonlinear partial
differential equations (NPDEs). When we want to understand the physical mechanism
of natural phenomena described by NPDEs, we have to investigate the exact solutions
of these equations [1-4]. Recently, a large number of methods that have been used to
obtain exact solutions of NPDEs have become essential due to the existence of symbolic
computation packages which aid researchers in the investigation of the dynamical behav-
ior and the physical meaning of these solutions. Hirota’s direct method [5-8], the tanh
method [9], the exp-function method [10,11], (G'/G)-expansion method [12,13], the ex-
tended (G'/G)-expansion method [14,15], the extended trial equation method [16], the first
integral method [17], the sine-cosine method [18] and the auxiliary equation method [19]
are among these methods.

Conservation laws have a long history in physics. At the mathematical level, con-
servation laws are associated with the existence of a variational principle which admits
symmetry transformations. This crucial fact was fully acknowledged by Emmy Noether.
There are many different methods for the construction of conservation laws; for example,
the characteristic method, variational approach, symmetry and conservation law relation,
direct construction method, partial Noether approach, Noether approach, multiplier ap-
proach, conservation theorem and semi-implicit and semi-explicit methods [20-29]. In this
work, we consider the conservation theorem.

The conservation theorem was introduced by Ibragimov. This theorem is associated
with Lie symmetries and the formal Lagrangian of a given equation. We can construct the
formal Lagrangian with the multiplication of the new adjoint variable and a given equation.
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Then, we can obtain an adjoint equation with the help of Euler-Lagrange equations. If we
find the solution to the adjoint equation, we can obtain local conservation laws. Each Lie
symmetry of a PDE yields a conservation law. These developed conservation laws can be
trivial or non-trivial [30-35].

In this paper, we consider conservation laws and exact solutions of the (3+1)-dimensional
modified KdV-Zakharov—-Kuznetsov equation. We mention that in (3+1)-dimensional equa-
tions, multi-front solutions are described by their spatial structure and by their velocity
composition. The spatial structure is actually composed of (3+1)-dimensional branes. Differ-
ent clusters of fronts propagate at different velocities in certain branes, making them hybrids.
Consequently, (3+1)-dimensional models show reasonable agreement with the movement of
waves and demonstrate the potential to predict their location.

In Section 2, we have presented necessary information. Then, we give preliminaries
about the conservation theorem in Section 2.1. We introduce the formal Lagrangian,
adjoint equation and self-adjointness. Then, a general formula of conservation laws is
given. Secondly, we present the (G'/G, 1/ G)-expansion method in Section 2.2. In Section 3,
we apply these methods to the (3+1)-dimensional modified KdV-Zakharov-Kuznetsov
equation. In Section 3.1, we give admitted Lie point symmetries by the given equation; then,
we construct the formal Lagrangian and adjoint equation. We find the solution to the adjoint
equation to obtain the local conservation laws of the (3+1)-dimensional modified KdV-
Zakharov-Kuznetsov equation. In Section 3.2, we obtain exact traveling wave solutions of
the given equation. The obtained solutions are classified as trigonometric function solutions,
hyperbolic function solutions and rational function solutions. In Section 4, conclusions
are given.

2. Fundamental Definitions and Mathematical Concepts
2.1. Information About Conservation Theorem
We consider the k-th order system of partial differential equations in the follow-
ing form:
Fa(xiu/ullu2/"'/uk) :OI (1)

where x = (x1,xy,...,x,) are n independent variables, u = (ul, u?, ..., u™) are m dependent

variables and ujis j-th order derivation respect to x, j = 1,2,...,k and i]- =1,2,...,n).
Equation (1) admits the following infinitesimal generator:

0

ouv’

; 0
X =¢ 2 4yt 2
Sox, T @)
where {;’i and #* are infinitesimal functions, i = 1,2,...,nand « = 1,2,...,m. These
functions contain only functions of dependent and independent variables. The k-th prolon-
gation of the infinitesimal generator is

K _ (a0 (k) d
X( ) —X+7’]1 “W—’_"‘—i_ﬂilii.ikm’kzl’ (3)
1 1.1k
where
1 .

it = D - (Diﬁj)”?
(k) . (k—1) i

’71’11';..1',( = Dikﬁiliz...if,l - (Dik€]>u?‘li2~-ik—1/"

wherei,j=1,2,...,n,a =1,2,...,mand ; = 1,2,...,mfor ] =1,2,...,k and D; is the
total derivative operator with respect to x;.

Not every PDE has a Lagrangian, but every PDE has a formal Lagrangian. This formal
Lagrangian can be constructed with

L = v*F,. 4)
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The adjoint equation can be found with the help of Euler-Lagrange equations with
following formula:

* — 5(lepl¥)
Foc (x,u,w,...,u(k),w(k)) = Sun = 0, (5)
(x=1,2,...,m)
o . .y . .
where St is variational derivative with

0 0 0
_— = — -1°D; ...D; ———

ouX ouk + sgo( ) I Is ou®

11...i5
(x=1,...,m)

The adjoint equation F; admits symmetries of the original equation.
If we substitute the formal Lagrangian and infinitesimal functions in the following
formula, we obtain T* conserved quantities:

. . 5L 9

1 — 1 o0 . . (14

T" = FL4+W 5u§*+s§1D”'”D“(W)auiﬁ...is' ®)
(i=1,...,n)

where W% = % — gf u}?‘ is the Lie characteristic functionand &« = 1, ..., m. The conserved
quantities involve the arbitrary solutions of the adjoint equation, and thus one obtains an
infinite number of conservation laws for Equation (1) by specifying v*.

If the conserved quantities satisfy the divergence condition

Dl-(Ti) =0, (i=1,...,n), @)
the conserved quantities are conservation laws of Equation (1) [36-38].

2.2. Description of the (G’ / G, 1/ G)-Expansion Method

In this subsection, we represent the (G’ /G, 1/G)-expansion method to find the exact
solutions of NPDEs step by step [39-41]. Firstly, some preparatory factors are presented.
Assume that we have a second-order linear ordinary differential equation as follows:

G"(§) +AG(E) = p, ®)

and we choose for simplicity
¢p=G/G, ~v=1/G. 9

From (8) and (9), we get
¢ =—"+pur—A o =—9¢r. (10)

Thus, we have three different cases for the general solution of Equation (8).
Case 1 (trigonometric function solutions) A > 0: The general solution of Equation (8) is

G(&) = Cisin(VAZ) + Cocos(vAg) + &,

and we have
5 A

7= m(fl’z —2uy+A), (11)

where C; and C; are arbitrary constants and p = C? + C5.
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Case 2 (hyperbolic function solutions) A < 0: The general solution of Equation (8) is
G(&) = Cy sinh(V_AE) + Cy cosh(v/—AE) + %

and we have

2

0 (9> —2uy + A), (12)

A
C A%p+p?
where C; and C; are arbitrary constants and p = C% — C%.

Case 3 (rational function solutions) A = 0: The general solution of Equation (8) is

6@ =L@ +ai+a,

and we have

7 ! z (¢* —2u7), (13)

R
where C; and C; are arbitrary constants.
Then, we suppose that we have an NPDE which is in the following form:

P(u/ Ut, Ux, Utt, Uxt, Uxx, - - ) = 0 (14)

where x and t are independent variables and (14) is a polynomial of u# and its partial
derivatives. The main steps of the (G’ /G, 1/ G)-expansion method can be given as follows:

Step 1. By employing the traveling wave transformation § = x +y +z — vt, u(x,y,z,t) =
u(¢), Equation (14) is transformed into an ordinary differential equation:

P(u, —ou', o, v*u", —ou',u”,..) = 0. (15)

Step 2. Then, we suppose that the exact solution of the Equation (15) can be expressed
as follows:

N N
w(@) =Y am¢'+ Y bip' 1y, (16)
i=0 i—1

where G = G(¢) satisfies Equation (8), 4;(i = 0,...,N), b;(i =1,...,N), v, A and p are
constants to be determined later. The positive integer N can be found by considering the
homogeneous balance principle between the highest-order derivatives and the nonlinear
terms in Equation (15).

Step 3. Substituting (16) into Equation (15) along with Equations (10) and (11), (case 1
is taken as an example), the left-hand side of Equation (15) can be turned into a polynomial
in ¢ and 7. We note that the degree of 7 is not larger than one. By equating each coefficient
of this polynomial to zero, we can find an algebraic system of equations in terms of
a;(i=0,...,N),bi(i=1,...,N), v, A(A <0), , C; and C,.

Step 4. We solve the algebraic equations obtained in Step 3 with the aid of the Maple
packet program. Then, by substituting the valuesof 4;(i = 0,...,N), b;(i=1,...,N), v, A, 11,
C1 and C; obtained into (16), the exact solutions of Equation (15), which is expressed by
the hyperbolic functions, can be verified.

Step 5. Similar to Steps 3 and 4, substituting into Equation (16) into Equation (15)
along with Equations (10) and (12) (or (10) and (13)), the exact solutions of Equation (15)
are expressed by trigonometric functions (or by rational functions) and can be verified.

3. Applications

In this section, we apply the conservation theorem and (G'/G, 1/ G)-expansion method
to the (3+1)-dimensional modified KdV-Zakharov-Kuznetsov equation in the follow-
ing form:

ur + ﬁuzux + Uxxx + Uxyy + Uxzz = 0 (17)
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where B is a nonzero arbitrary constant. This equation is an important class of NLEEs
and arises in theoretical physics and plasma physics as well as fluid dynamics, quantum
mechanics and nonlinear optics to analyze the basic properties of the nonlinear propagation
of many physical phenomena, such as the amplitude and width of solitons, solitary wave
structures and shock wave structures [42].

3.1. Conservation Laws

In this subsection, we use the conservation theorem to obtain conservation laws from
Equation (17). The conservation theorem is deeply associated with Lie symmetry generators
of PDEs, so we should find the Lie symmetry generators of Equation (17). Equation (17)
admits the following six Lie symmetry generators (the set of {Xj; X; X3; Xy; Xs5; X6} is
closed under the Lie bracket):

d d 0
X1—§,X2—@,X3—$,

d 0 d
Xy I’ X5 Z@* 32

d d d d 0
X6—X£+y@+ZE+3t$—M£

Now, we can obtain the formal Lagrangian of the given equation by
— 2
L — U(ut + ‘BM le + uxxx + uxyy + szz) (18)

where v is the adjoint variable. The adjoint equation can be calculated with Formula (5)
and Equation (18) as

F* = —Puvy — 0t — Uyxx — Uxyy — Uxzz = 0. (19)

We can see that the adjoint equation is self-adjoint. v = 1 and v = u are solutions of
the adjoint equation. The special form of the conserved quantities formula for Equation (17)
is given by

oL oL oL oL
x X 2 2 2
roek +W[a”x +Dx<a“xXX) +Dy<a”xw> +Dz(a”x22)]

#01()|-Dx (5 ) |+ 2w |-y (5 )
+0.(w)[-Dx (5 )] :
o [ 2]« oo 2] + oz 2],
o= o ()] oo [ ()
#0y(W) | D5 )|+ Do) |51 | :
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e )] o)

auxzz aMJCZZ
(22)
oL JL
+D:=(W) [_D"(auxzzﬂ + Dxz(W) [auxzz]/
and -
o t 9=
" = L¢ —i—W{aut]. (23)

Each Lie point symmetry of the given equation gives a conservation law, so we can
construct 12 local conservation laws with v = 1 and v = u.

Case 1: In this case, we use v = 1 to obtain the conservation laws of Equation (17).

(1.1) When X; = %, we obtain the following conserved quantities:

Tlx,l = —ﬁuzut — Uxxt — Uyyt — Uzzt,
lel =  —Uxyt 24
iz )
1,1 — —Uxzt,
£ —
Tl,l = Ug.

If these conserved quantities satisfy the divergence condition, they are trivial conser-
vation laws; otherwise, we must adjust the conserved quantities. In (24), the conserved
quantities do not satisfy the divergence condition.

D(T}1) + Dy (T4 ) + D= (Tf1) + D (Th 1) = Dx(—ttyys — zat). (25)

Thus, the modified conservation laws are

Ty, = —Putus — iy,
V., = —u
flv’l xyts (26)
Tiz,1 = —Uxzt,
t -
Tl,l = Ut.

(1.2) When X, = a%' the conserved quantities are

ng = —Puluy — Urry — Uy — tyzz,

T1,2 = ut+ ﬁuzux + Uxxx + Uxzz, (27)
Z —

Tlt'z =  —Uxyz,

T1 ) = —uy.

The divergence condition D;(T;) is not equal to zero, but the divergence condition can
be written under the total derivative:

Dx(Ti,) + Dy <T1y,z> + Dx(Tfp) + Di(Ti5) = Dx(—ttyyy — ttyzz) (28)

The nontrivial conservation laws with some adjustment are given by

T{C,Z - —IBMZMy - lexy,
Y _

T1,2 = ~Uxyy, (29)
Z _

T1 2 = TUxyz,

t_
T, = -—uy.
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(1.3) If we use X3 = aa—z, we obtain W = —u;,; then, the conserved quantities are
T1x3 = _,Buzuz — Uxxz — Uyyz — Uzzz,
Ty = —u
13 Xyzs
Tz' _ 2 (30)
13 — Ut + Buuy + txxx + Uxyy,
Tlt’3 = ut + ‘Bu2ux + uxxx + uxyy + uxzz - uz.

The divergence condition D;(T;) is different from zero. The divergence condition can
be written under the total derivative with

Dy (Ti5) + Dy(le,s) + Dz(Tf3) + Di(Ti3) = Dx(—thyyz — thzzz). (31)

Then, the modified conservation laws are

~

T1x,3 = —IBMZMZ — Uxxz,
T, = —u
1{3 Xyzs (32)
T12,3 =  —Uxzz,
t - _
T1,3 = Uy.

(1.4) When X, = %, the found conserved quantities are given by

T1;4 = Uy,

T14 = —Uxxy, 33
~ 33)
14 —  “Hxxz

t —

T1,4 = —Uy.

These conserved quantities do not satisfy the divergence condition in Equation (7).
We can write the divergence condition with

D (TSy) + Dy (TYy) + Do(TE4) + Di(Tha) = Dy (—thary) + Do(—thaz). (34)

Then, the found, modified conservation laws are

~ ~ ~

Ty =up, Tjy = —iiy, T1y,4 =Ti,=0. (35)

(1.5) If we use X5 = z% - y%, the obtained conserved quantities are

Tf,S = _5”2”yz + .Buzuzy — UxxyZ + UxxzY,
—UyyyZ + UyyzY — UzzyZ + Uzzz,
TVs =z + ButtiaZ + txxaZ + UyzzZ + hxyzy + Uz, (36)
Tis = —yur— By — Yibxxx — Yikxyy — Zixyz — thxy,
Tis = —yur —ypuluy — Yulyxy — Yilayy — Yilxzz — ZUy + Yz,

We can see that the divergence condition D;(T;) is not equal to zero, but this condition
can be written under the total derivative with

D.(Ti'5) + Dy (T{ 5) + D:(Tfs5) + D¢(T} 5) = Dx(—zutyyy — Ztizzy + Yityyz + yizzz). (37)
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The modified conservation laws are

T = —Butiuyz + Putiuzy — Uxxyz + UxxzY,
T/s = —uxyyz+ ey +u
15 xyy xyzY Xz (38)
T1Z,5 = YUxzz — ZUxyz — Uxy,
t —
T s = —zuy+yus.

(1.6) When Xg = x% + y% + z% + 3t% — u%, we get W = —u — xuy — yuy — zu; —
3tu;. From Equations (20)—(23), we obtain the conservation laws as follows:

T{C6 = _Z(ﬁuzuz + Uyxz + Uyyz + uzzz) — Suyy
—y (BuPuy + tixxy + tyyy + Uzzy) — 31y — P’
—3t (,Buzut + Uyxt + Uyyt + uzzt) — Bz, + xu,

39
le,é = y(ur+ PPty + txy + Uxzz) — Blhyy — Xllyxy — ZUxyz — tilryt, (39)
T1Z,6 = Z(”t + ,Buzux + Uyxx + ”xyy) — BUxz — XUxxz — YUxyz — StUyzt,
Tlt,6 = z(ur + PPty + Uxxx + Uxyy) + Zlhxzz — U — Xy — YUty — Uz — 3tuy.

The divergence condition D;(T;) is not equal to zero and includes extra terms. These
terms can be absorbed as

Di(Tie) +Dy(Tis ) + D=(Tig) + Di(Tig) = Di(~Bhuzaz — Btiuxy)
+Dy (—Xtixxy — Yxyy — ZUxyz) (40)
+D; (_xuxxz — YUxyz — Zuxzz)-

When v = 1, we obtain the following non-trivial conservation laws:

e = Ty

; 167

Y _
T1,6 = —3uyxy — 3tuyyt, (41)
Tfe = —3uxz —3fuxz,
Tlt,6 = —u— XUy — YUy — 2tz — 3t (U — Unzz — Uyy).

Case 2: In this case, we use v = u to obtain the conservation laws of Equation (17).
(2.1) Using the symmetry generator X; = %, we obtain the following conserved
vectors:

T;]] = _ut(ﬁuB +uxx+uyy+uzz) +uxuxt
y _u(uxxt + Uyyt + uzzt) + UzUz + Uylyt,
T2,1 = —Uplyx + Uylxt + UxUyr — Ullyyt, 42)
TZZ,l = —Uplxx + UzUyxt + UxUzp — Ullyzg,
Ty, = —uu.

The divergence condition is different from zero.

4 .
EDi(Thy) = Da(—unyys — utzat) + Dy~ ity + ity
i=1

+Dz (Uxthzt — Uptixy) + Dy (uzuxz + uyuxy)-

(43)

The modified conservation laws with the help of (43) are
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X
T2,1
Y
T2,1
Z
T2,1

t
T2,1

Tg,l + Ullyyt + Ullzzt,
T2y,1 + Utlhxx — UxUty,
Tzzrl — UxUzt + Upllxyx,

Té,l — Uzl — Uyllyy.

(2.2) When X, = aa—y, the conserved quantities are

—ity (BuP + sy + 1z2) + Unllyy + Uzlly;

22
—u (uxxy + Uyyy + Mzzy)/
T, = u(ts+ Pty 4 thpxx + thxzz) — Uyllex + Uylley + Uxllyy,
TZZ,2 = —Uylyy + Uzllxy + Uxlizy — Ullyyz,
Ty, = —uuy.

(44)

(45)

The divergence condition can be expressed for these conserved vectors as follows:

4 ,
Y. D; (Tﬁ,z) = Dy (—uttyyy — uttyzz) + Dz (—ttylizx + tixity;)
i=1

+Dy (uyttey + tzthxy — Uylixy + Uxllyy).

Then, the modified conservation laws are given by

x
22

Y
I;,
Z
13,

t
TZ,Z

x
T2,2 + Ullyyy + Ullyzz
—Ulyyy — UzUxz
UzUyy — Ullxyz

—Uly.

(46)

(47)

(2.3) Using the symmetry generator X3 = %, we obtain the following conserved

vectors:
T£3 = Uz (,Bus + Uxyx + Uyy) + Uxly; + Uy Uy
_u(uxxz + Uyyz + uzzz)/
Tg,g, = —Uzlyx + Uylyy + UxUzy — Ullyyz,
Tzz,g = u (”t + ,Buzux + Uxxx + ”xyy) — Ugllyx + Uzlxz + Uxllzz,
th,3 = u(us + Bty + ey + Uxyy + Uszz) — Ul

We can see that the divergence condition D;(T;) is not equal to zero as follows:

4 .
Y. D; (Térg) = Dy (_uuyyz) + Dy(_uzuxx + uxuyz)
i=1

+D; (uy”xy + Uzllyz — Uzlyy + Uzlyz — uuxzz)-

The modified conservation laws are

x
Ty + uttyyz,
UxzUy — Ullyyz,
UzzUx — UyUxy — UzUyxz,

—Uls.

(48)

(49)

(50)
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(2.4) When X, = %, the found conserved quantities are given by
T2;4 = Ul — UxUyy — UxUzz + Uxyly + Uxzliz,
T2,4 = —UxUyx + Uylxx + Uxlyxy — Ullxxy, (51)
Tzz,4 = —UxUyx + Uzllyx + UxUyz — Ullxxz,
T§,4 = —Uly.

These conserved quantities do not satisfy the divergence condition in (7). We can
write the divergence condition with

4 .

Y. D; (Té/i) = Dy(—uitxxz) + Dy (—tttxxy) (52)

i=1

+Dy (2utythry + 2uz Uz — Uxllxz — Uxliyy).
The modified conservation laws are constructed with the help of (52) as

T§,4 = Ul — UxUyy — Uxlzz — Uyyly — UxzUz + Uxlyz + UxUxy,
T%y,4 = —Uyliyy + Uyllyx + Uyllyy, )
TZZA = —UyxUyx + Uzlxx + UxUyz,
th{4 = —Ully.

(2.5) If we use X5 = z% - y% and Equation (18), the obtained conserved quantities
are

§,5 = —ZUy (ﬁuB + Uxx + uzz) + u]/(”yyz + Uzzz + ”xxz)
Fyuz (Bud + iy + yy) — 2 (Uxxy + Uyyy + yzz)
—0—zuxuxy + ZUzUzy — YUxUyxz — YUylzy,

sz,5 = uz(up 4 Pty + Uxxx + txzz) — zity (Uxx — Uy ) + Uiz (54)
FYUz Uy — Ylyllyy + ZUylyy — Ylyllzy — Uxly + YUy,
Tis = —uy(us + Bty + thoxy + tayy) — U (ZUayz + txy)
yuz(uxx - lez) + le (Uy + Zuyz - yuzz) - Zuyuxx + ZuZqu,
T2t,5 = —uy(ur + PuPuiy + txxx + Uy + Uxzz) — UzZily + yu.
The divergence condition can be written under the total derivative as
4 .
Y. D; (T§,5) = Dy (zuztizy — 2Ytizlizz + 22Uy Uy — ZULYz; — YUyllyz + Uylz)
i=1 (55)
+Dy (—zUltyyy — Zilylyy + YUzlixy — Yilyylly — Uxllz)
+D; (Uythrzz + UYlryy — Zilylxy + Yilxxllz + Zlixllzy).
The modified conservation laws can be written with
Tf,s = Té‘j — ZUzlzy + 2YUzUzz — 2ZUyUyy + ZULyzz + Ylylly; — Uyliz,
sz,5 = sz,5 + ZUllyyy + ZUy Uy — YUz Uy + Yllgyllz + Uylz, (56)
22,5 = T22,5 — UYUxzz — UYlyyy + ZUylxx — Ylyxlz — ZUyllzy,
Tjs = —uziy + yu,.
3.2. Exact Solutions
The traveling wave transformation
u(x,y,z,t) =u(l), {=x+y+z—ut, (57)

transforms Equation (17) to the following ordinary differential equation:
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—ou' + utu’ 4+ 3u" = 0. (58)

By integrating Equation (58) with respect to ¢ once, we obtain

3
—vu+ﬁ% +3u" +C=0. (59)

where C is the integration constant. Balancing the highest-order derivative #” and the non-
linear term > from Equation (59), yields 3N = N 4 2 which gives N = 1. So, Equation (16)
takes the following form

u(¢) = ap + a1+ by, (60)

where ag, a; and by are constants to be determined.

Case 1 (Trigonometric function solutions) A > 0.

With the aid of symbolic computation, substituting Equation (60) into Equation (59)
along with Equations (10) and (11) and collecting coefficients of polynomials of ¢/ (i, j =
0,1,2,3), then we find an algebraic system of p, u, A, B, ap, a1, by as follows:

ﬁa3)\4p2+ﬁa 4 Z/Sa A2 py

—12a1A%pp? + 6ai p*
+ﬁa1b2/\3p Barb3A? + 6a;A*p* =0,

(P3

3
P>yt o BatbiAtp? — 12b1/\2py2 + 7& Gy 1A%0?
+ﬁa%b1y + 6by Zﬁa%blx\zpy =0,
¢*9° : Bagh?A3p — 2BagaiA’pu® + Bagairtp® — 3byuAdp
+3b A — Bagh?Au? — 3ﬁb3)\2y + Bagaiu* =0,

o'yt o 2BagabiAtp? — 2Ba b2 A3pup — 9aruAte? + 2Bar bAApd
+18a1y3/\2p + 2,8a0a1b1;44 — 4/3a0a1b1)\2py2 — 9a1;45 =0,

P10+ —vagpt — 1209 A3pp? — vay A*p? + Bada A*p? — 2Ba3a AZpu® + 6a1A%p?
—BaybIA%p? + 6a At + BaybIAtp + 20a;A%pp® + Bajapt =0,
%9t + —2BadbiA%pp® — obypt + 3b1A%p? — by Apt — 2BaghiA3up — by Atp?
314
+Bajbyp* + BUIAZ Y + % + 2Bagb?Au® + Badbi A*p* + 20b1 A%pp? = 0,
Badut+pajrtp?— 2;31:%3;4 2Ba3 A

C)\4p2 + P 3y 11372 — vagu* + 2vagA2pu®
+Cu* — 2CA%pu? — 3b1y/\4p — vagAtp? + Bagb?A*p — Bagb?A?u® = 0

The solution of this system gives

_ oy _ _ 18(u2—A%p)
ag=F—F—~—b——, ;1 =0 by =+ =
0 p 18(;42—/\2;;), 1 ’ 1 BA ’
A
0 — 3A(}t§+22\2p) C—4+ 27A30p
7
2(u*=A%p) (Vz_)sz)}g\/ls(#zﬁX/\ZP)

If we substitute these results into Equation (60) along with Equations (9) and (11), we
obtain the periodic solutions of the (3+1)-dimensional modified KdV-Zakharov-Kuznetsov
equation as follows:

18(u2—A2(C2+C3))
9u S BA
u - q: :l: 7 (61)
©) 8 18(2-22(C2+2))  Cysin(v/Ag) + Cocos(VAZ) + &
B
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B BA(H2+2A2(C2+C2))
where, B #0and { =x +y +z + 2(/\2(C%+C§;*1¢22)

In particular, if we set C; = 0, C2 # 0,8 < 0 and u = 0 in Equation (61), then we get
periodic solutions in the following form:

—18A2C2

(@) = £ sec(VA2). ()

However, if we set C; # 0,C; = 0,8 < 0 and p = 0 in Equation (61), then we get
periodic solutions in the following form:

[ —1822¢C3
u(g) = i—mcosec(\/Xé‘). (63)

G

The obtained solutions given by (61) and (62) are presented in Figure 1 and Figure 2,
respectively.

Figure 1. Graphical representation of Case 1 for the (3+1)-dimensional modified KdV-Zakharov-
Kuznetsov equation when C; = C; =1, = 1,4 = 0.5, A = 0.25 within the interval —10 < x,¢ < 10.

Figure 2. Graphical representation of Case 1 for the (3+1)-dimensional modified KdV-Zakharov—-
Kuznetsov equationwhen C; = 0,Cy =1, 8 = —1, 4 = 0, A = 0.25 within the interval —10 < x,t < 10.

Case 2 (Hyperbolic function solutions) A < 0.

Substituting Equation (60) into Equation (59) along with Equations (10)-(12) and
collecting coefficients of polynomials of ¢/ (i, j = 0,1,2,3), we obtain an algebraic system
of p, 1, A, B, ag, a1, and by. Then, we solve these system via the Maple packet program, and
we obtain
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2 2
18(u2+A2p) B
13 ﬁA
2_932 3
v — 3A(p*—2A%p) C—+ 27X°pu

2 2 ’ .
2(12+A%0) (2-4720)p \/ 18:2+22%)
If we substitute these results into Equation (60) along with Equations (9) and (12), we
obtain the exact solutions of the (3+1)-dimensional modified KdV-Zakharov-Kuznetsov
equation as follows:

18(§24+A2(C2-C3))
- B

o
u — :F :l: N 7
© B 18G2422(C2—c2))  Cysinh(v—AZ) + Gy cosh(v/—AE) + §
R

(64)

B BA(H2—202(C2—C2))
where p #0and { = x+y +z+ z(AZ(c%—C§§+u22)

In particular, if we set C; = 0, Co # 0,8 > 0 and y = 0 in Equation (64), then we
obtain the solitary wave solutions in the following form:

| —18A2C3
u(f) = iisech(\/jg). (65)

G

In contrast, if we set C; # 0, C, = 0,8 < 0 and p = 0 in Equation (64), then we obtain
the solitary wave solutions in the following form.

/18A2C2
u(g) = iicosech(\/—i)@). (66)

1

The obtained solutions given by (65) and (66) are presented in Figure 3 and Figure 4,
respectively.

Figure 3. Graphical representation of Case 2 for the (3+1)-dimensional modified KdV-Zakharov-
Kuznetsov equation when C; = 0,C; = 1,8 = —1,4 = —0.5,A = —0.25 within the interval
—30 < x,t < 30.
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Figure 4. Graphical representation of Case 2 for the (3+1)-dimensional modified KdV-Zakharov-
Kuznetsov equation when C; = 1,C; = 0, = —1,4 = —0.5,A = —0.25 within the interval
—10 < x,t < 100.

Case 3 (Rational function solutions) A = 0.

Substituting Equation (60) into Equation (59) along with Equations (10)-(13) and
collecting coefficients of polynomials of ¢/ (i, j = 0,1,2,3), we obtain an algebraic system
of p, i, A, B,ag, a1, bp. Then, we solve these system via the Maple packet program, and we
find the following:

18(2uC,—C?
El()::F 9}‘ ’ alzor b1::l: (VZ 1)/
18(2uCp —C2)
B 72 B
_ ou _
U= e,y C==

273

18(21Cy—C2)
(C-2ucypy D

If we substitute these results into Equation (60) along with Equations (9) and (13), we
obtain the exact solutions of the (3+1)-dimensional modified KdV-Zakharov—Kuznetsov
equation as follows:

18(2uC,—C?)
9 B
u(@) = F E + (67)

8 [182uc,—2) 582 4+C18+ G’
B

2
where f # 0and § = x4y + 2+ yla ot
1

In particular, if we set ¢c; = 0 and ¢; # 0 in Equation (67), then we get the solitary
wave solutions in the following form:

9 136G,

K P

u(@) =+ + :
B 36;;C2 Le2+ G

In contrast, if we set ¢; # 0 and c; = 0 in Equation (67), then we obtain the solitary
wave solutions in the following form:

—18C2
9u B

+ I .
P —18c2 587+ G
B

u@) =+
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When we compare our solutions with the other solutions in the literature, we can state
that our solutions are new and more extensive than the given results in [43]. Furthermore,
our solutions are comparable with those in [44,45]. We foresee that the obtained results
will be useful for applications in mathematical physics and engineering. All results in this
paper were found and checked with the help of Maple software.

4. Conclusions

In this study, we considered the (3+1)-dimensional modified KdV-Zakharov-Kuznetsov
equation. We used the conservation theorem method to obtain the local conservation laws
of the given equation. We obtained the formal Lagrangian; then, we found the adjoint
equation by applying the formal Lagrangian to the variational derivative. It was seen
that modified KdV-Zakharov—Kuznetsov equation is self adjoint. Using the solution of
the adjoint equation, we obtained 12 modified local conservation laws. The two-variable
(G'/G,1/G)-expansion method, which was used to obtain exact solutions of NPDEs, can
be considered as a generalization of the original (G’/G)-expansion method. Furthermore,
graphical representation is a significant instrument for communication, and it clearly
presents the solutions to the problems. We plotted solutions of the (3+1)-dimensional
modified KdV-Zakharov—-Kuznetsov equation.

We consider that the proposed method can be extended to solve the nonlinear prob-
lems which arise in mathematical physics and the theory of solitons. We successfully
applied this method to the (3+1)-dimensional modified KdV-Zakharov-Kuznetsov equa-
tion. The obtained solutions are classified as trigonometric function solutions, hyperbolic
function solutions and rational function solutions. We foresee that our results will be useful
for applications in mathematical physics and engineering.
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