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Abstract: The Bogoyavlenskii equation is used to describe some kinds of waves on the sea surface
and discussed by many researchers. Recently, the G’/G? method and simplified tan(@) method
are introduced to find novel solutions to differential equations. To the best of our knowledge, the
Bogoyavlenskii equation has not been investigated by these two methods. In this article, we applied
these two methods to the Bogoyavlenskii equation in order to obtain the novel exact traveling wave
solutions. Consequently, we found that some new rational functions, trigonometric functions, and
hyperbolic functions can be the traveling wave solutions of this equation. Some of these solutions
we obtained have not been reported in the former literature. Through comparison, we see that the
two methods are more effective than the previous methods for this equation. In order to make these
solutions more obvious, we draw some 3D and 2D plots of them.
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1. Introduction

Many phenomena in physics, biology, and chemistry etc. can be studied with the aid of nonlinear
differential equations. When the researchers investigate a system, they firstly seek the underlying
feature, and then convert the problem into mathematical equations by mathematical modeling. Most
of time these equations are nonlinear differential equation. Therefore, we need to use some suitable
methods to get the exact solutions of these equations. In the past few years, many systematic methods
have formed, for example [1-25].

We know that the mathematical equations describing waves in the ocean are nonlinear and their
solutions are solitonic. In 1990, the following nonlinear partial differential equation is given [26], later
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called Bogoyavlenskii equation, to describe the fluctuation of sea waves.

{4ut + Upyy — 4u2uy —4u,v =0; (1)

Uiy = V,.

This classical equation has been studied for a long time. For the spectral parameter of (1.1), the
authors of [26] studied nonisospectral condition. Kudryashov and Pickering [27] obtained the
Schwarzian breaking soliton hierarchy of (1.1). It also has relation with non-isospectral scattering
problems [28] and possesses Painlevé property [29]. As a modified breaking soliton equation, it
describes the interaction of waves along the x-axis and y-axis. These results describe the phenomenon
of waves on the sea surface.

In many years, seeking the exact solution of this nonlinear PDE by different methods is one of
the main research aspects for researchers. Here we list some of the major approaches and results,
but not all of them. By the singular manifold method, Peng and Shen [30] studied the analytical
solutions of (1.1). In aid of modified extended tanh-function method the authors [31] got some exact
traveling wave solutions. Using(G’/G)-expansion method Malik et al [32] investigated Eq (1.1), and
Yu, Sun [33] also treated this equation by modified technique of simplest equation. In 2020, Yokus
et al. [34] constructed some exact solutions of (1.1) by (1/G”)-expansion and (G’ /G, 1/G)-expansion
method.

For the past few years, many researchers [35-37] have introduced the modified (G’/G?*) method,
which is powerful and effective, to seek novel soliton solutions for different kinds of nonlinear PDE.
Moreover, Manafian et al. [38, 39] proposed a powerful technique called the improved tan(¢(£)/2)
approach to get exact soliton solutions of various PDE. Later, in [40] this method has been simplified.
This approach also can be used to treat the Kundu-Eckhaus equation [40], Konopelchenko-Dubrovsky
equation and Boussinesq equation [41]. In this work we will apply these two methods to
Bogoyavlenskii equation for finding new solutions. Some of these solutions we obtained have not
been reported in former literature. Comparing these two methods to the previous results, we find that
our approaches are more effective.

In the nonlinear waves theory, the investigation of traveling wave solutions with a fixed velocity is
one of the most important aspect. We aim to look for the new traveling wave solution of (1.1) such as

u(x,y,t) = u(), vix,y,t) =v(&), E=x+y—kt. (1.2)

We substitute (1.2) into (1.1) and integrate once the second equation of (1.1). For simplicity we choose
the integral constant as zero, thus we obtain
— 4k’ +u" - 4P -4’y = 0;
w2 (1.3)
— =

2

Combining the two equations of (1.3) together, and then integrating it once, we obtain the following
ordinary differential equation

w’ = 2u —4ku = 0. (1.4)

Then we just need to find the solutions u(¢) of (1.4), then v(£) is easy to obtain by the second equation
of (1.3).
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2. Via G’/G* method

At first, we introduce the steps of the modified (G’/G?)-expansion approach, and then employ this
method to find new traveling wave solutions of (1.1).
Step 1. We think about the following PDE

P(l/l, Uy, Uy, Upy Uxxy Uyys Upry Uxyy Uxpy Uyys Uy, *° ) = 07 (21)

as to u(x, y, t). In order to get the traveling wave solution of (1.1), we use the wave variables & = x+y—kt
to convert (2.1) into

P(l/t, Ug, Uge, Ugggs * - ) =0. (22)

Step 2. We express the exact solution of (1.4) to be a polynomial in (G’/G?), that is,

G\ G'\"
(5] )

u(@) = Ao + Z
i=1

here G = G(¢) is a solution of

7\ ’ 7\ 2
(%) = a+b(%)+c(%) , (2.4)
the coefficients a, b and ¢ are any of the constants. Since the highest order derivatives terms and the
non-linear terms should be homogenous balance in (2.2), we can obtain the value of integer number 7.

Step 3. By taking (2.3) into (2.2) and utilizing (2.4), Eq (2.2) yields to a polynomial as to G’/G>.
Then we collect all the terms with the same power of G’/G* and let all the coefficients of this
collected polynomial to be zero. Hence, we deduce a system algebraic equations for a,b,c,
Ap, A, (I =£1,42,--+).

Step 4. By Solving this system of algebraic equations, we can get some families of the values of
Ap, A, (i = £1,%£2,---) and a, b, c. Since ordinary differential Eq (2.4) have five kinds solutions as
follows:

Solution 1: Ifac > 0,b = 0, then

(g)@_\/g(clcosx/%&czsin\/%g)
G? ~ N \¢,cos vace - Cy sin vaceg)’

Solution 2: Ifac < 0,b = 0, then

(g’) = a (C1 sinh 2 V]aclé + C, cosh 2 V]ac|é + Cz)_
G? cl\C, cosh 2 Vjacl¢ + C, sinh 2 Viaclé — C,)”
Solution 3: Ifa=0,c # 0,b =0, then

G’ C _

(62) ©=Cerc
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Solution 4: If b # 0,A > 0, then

(G’ ) . VA(Cy cosh(-2)¢ + Cy sinh(*2)¢)
G? S 2 2¢(C, cosh(‘/TZ)f +C, sinh(%)f) ,

Solution 5: If b # 0, A < 0, then

(g )@ b V=AC cos(FR)E - Gosin(FE)
G? 2c 2¢(C, cos(\/TjA)f +C, Sin(\/TjA)f) ’

where C,, C, are free constants and A = b*> — 4ac, then the exact solutions of (2.2) can be obtained.

Step 5. Applying the inverse transformation to u(¢) (¢ = x+y — kt), then all exact solutions u(x, y, )
of (2.1) can be gotten.

Since u” and u® in (1.4) should be homogeneous balance, we get n = 1. Then u(¢) in (2.3) has the
form

, -1
ué) = A (%) +Ag+ A (gz) : (2.5)
where G’ /G? satisfies Eq (2.4). For simplicity, set g := G’/G?, then (2.4) can be rewritten as
g =a+bg+cg (2.6)
Taking derivatives of (2.5), we obtain
W(€) =Aicg® +Abg + (Aja—A_jc) —A_1bg™' — A_jag™ (2.7)

and

W' (&) = 2A,%8° +3A1bcg® + QA ac + A1bP)g + (Aab + A_bc)
+(A D> +2A_1ac)g™ + BA_jab)g > + 2A_a°g . (2.8)

By (2.5) and calculation we have

2’ +4ku = 2Ag° + 6A¢ATgS + (6A_ AT + 6AGA, + 4kA1)g + (12A_1AgA; + 2A7 + 4kA)
(6A% A +6A_| A} +4kA_)g™' +6A% Agg™? +24° g7 (2.9)

Now, we put (2.8) and (2.9) into (1.4), and collect all the same power terms together. Then we
extract its undetermined coefficients of the power of g, and set them to be zero. Therefore, we have the
following equations

g3 : 2A,¢% = ZA?,
g : 3A,bc = 6AyA2,
g: 2A1ac + A b* = 6A_1A% + 6A(2)A1 + 4kA,,
const:  Ayab +A_ibc = 12A_1AoA| + 2A] + 4kA,,
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g ALb*+2A jac = 6A% Ay + 6A_ 1A + 4kA_,,
g 3A_jab = 6A* Ao,
g7 24 1a% = 2A3 .

By solving the above equations, we have some cases as follows.

Case 1:

A =0;
Ap =0, V=2k,or,— V=-2k,

then u(¢) is a constant.

Case 2:
A =0;
A_| = *a;
b
AO = iz,

where k = —& + € _that is A = b* — dac = —8k.

Subcase 2.1: If ac > 0,b = 0, then

C, cos acé — Clsmx/_f)
M(g)_+\/_(C1cos vacé + C; sin acé

Subcase 2.2: If ac < 0,b = 0, then

© \/—(Cl cosh 2 V]ac|é + C; sinh 2 vl]aclé — )
ué) =+
C, sinh 2 v/|ac|é + C, cosh2 v|ac|é + C,

Subcase 2.3: If a = 0,¢ # 0,b = 0, then
u@) =0

Subcase 2.4: If b # 0, A = =8k > 0, then

u@g) = £ F

2¢ - 2¢(C, cosh()¢ + €, sinh(L)¢)

Subcase 2.5: If b # 0, A = -8k < 0, then

b, V=A(Creos(50)g - G sin(252 )§)]
2 26(Cy cos(52)¢ + €y sin(52)¢)

ue) = 2% [

2

b [b VA(C, cosh(L)é + C, sinh(\/TK).f)]l

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)
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Case 3:
A = *c;
A1 =0; 2.17)
b
AO = iE;

where k = —Z + € that is A = b* - dac = -8k

Subcase 3.1: If ac > 0,b = 0, then

u(E) = \/E(Cl cos \/%§+Czs%n \/%f)' 2.18)
C, cos Vacé — Cy sin \acé
Subcase 3.2: If ac < 0,b = 0, then
h2 h2
u(g)_+\/—(Clsm Vlaclé + Cy cos \/ac§+C2) (2.19)
C, cosh2 v|ac|é + C; sinh 2 V|ac|é
Subcase 3.3: If a = 0, ¢ # 0, then
C
=F—" 2.20
u(é) +CI§+C2 (2.20)
Subcase 3.4: If b # 0,A = —8k > 0, then
VA Ci cosh( Y2y 4 C, sinh()¢
ul) =¥ (2.21)
2 C, cosh(TXF)f + C smh(T‘F)f
Subcase 3.5: If b # 0, A = -8k < 0, then
V=A Cicos(-5 VAye — €y sin(R)¢
ulé) =+ 5 F F (2.22)
C, COS(T)§ + C4 sm(T)f
3. Via tan(@) method
At first, we give the outline of tan(@) method.
Step 1. The same as G’/G?* method.
Step 2. Suppose that the solutions can be written as follows
u(é) = ZOA (p +tan(@)) + ;A ( +tan(@)) : (3.1)
(&) satisfies
¢'(€) = asin(¢(£)) + beos(p($)) + ¢, (3.2)
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here a, b, c,Aj and A_; are unknown constants. (3.2) has five kinds of solutions.
Solution 1: If b = ¢,a = 0, then

tan(%) =bé+Cy — p;

Solution 2: If b =c¢, a # 0, then

tan (%) = Cexp(aé) — g;

Solution 3: Ifb # ¢, A = a® + b*> — ¢* > 0, then

¢ (¢) 2 Ciriexp(rié) + Coryexp(né)
an|—< )= : - P
b—c  Cirexp(ri€) + Cyexp(ré)

2

Solution 4: Ifb # ¢,A = a*> + b* — ¢*> = 0, then

tan(?)— a + 2 & ;
2) b—c b-c Ci+GC¥¢

Solution 5: If b # ¢, A = a*> + b* — ¢*> < 0, then

tan (?) __4a V-A ‘ -C sin(‘/TjAf) + C, cos(‘/TjAg).

+ ;
2} b-c b-c cos(h¢) + Cysin(h¢)
where C, and C, are arbitrary constants, | = M, ry = w.

Step 3. We need to balance the highest order derivative and the nonlinear terms because of
homogenous, then the value of positive integer m we will get. Substituting (3.1) into (2.2) yields a
equation with the power of tan("%). We firstly collect the terms with the same power of tan(%), and
then set the coefficients of it to be zero, then a system of equations for unknown A;, Bj, a,b,c and p
we will obtain.

Step 4. Solving the above equations we just obtain, and then substituting Ay, Ay, By, -+ , Ay, By P
into (3.1), we get the expression u(¢).

Step 5. This step is similar to Step 5 of G’ /G>.

In the following, we utilize tan(@) method to seek new solutions of (1.1). Substituting (3.1)
into (1.4) and by Step 3 we get m = 1. Then (3.1) can be written as

-1
u€) =Ap+A (p + tan (%6))) +A_; (p + tan (?)) . 3.3)

Substituting (3.3) into the left side and right side of Eq (1.4) and combining with (3.2), then we have

(p+0°-u" &)
= (=b+c)*Ar*2
(3(—19 +c)*Ap N 3a(-b + C)A) 5
2 2
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((3A P> —A_)(=b +c)? N 9Apa(—b + c)

2 2
A(4a® = 2b* +2¢2) L AaCh c)z) y
4 2
N (A p3 —-A_p)(—b+ c)? N 3(3A p2 —A_Da(=b+c)
2 2
3Ap(da® = 2b* +2¢%)  Aa(b +
p(da y 9, “(2 C)+2A_1a(—b+c))t3
3(Ap* —A_p)a(=b +c¢) . (BA p* — A_)(4a* - 2b* +2c?)
2 4
3Apa(b + c) . A1 Qb+ o)(-b+c)+ 4a2)) 2
2 2
ApP —ALp)4a® -20* +2c%) BAp*—A_Dab
L (@Ar 1p)(4a +2c) GAp 1a( +C)+2A_]a(b+c)t
4 2
Ap*—A_pab A_(b + c)?
NGY ipab+e) Al +0o) : (3.4)
2 2
(p+0° - Q&) + 4ku(£))
= 2435
+ (124%p + 64%A))P°
+ (304°p* + 30A%Agp + 6A%A_| + 6AA] + 4kA)t*
+ (40A°p° + 60A%Agp* + 24A%A_ p + 24AA]p + 12AA0A_| + 16Apk + 2A] + 4Aok)t
+ (304°p" + 60A%Ap® + 36A%A_| p* + 36AA;p* + 36AAGA_ p + 24Ak p* + 6A]p
+ 6AA%, +6AJA_| + 12A0kp + 4A_ k)
+ (124°p° + 30A%Aop* + 24A%A_| p* + 24AA%p® + 36AA0A_, p* + 16Ak p*
+ 6AJp + 12A A% p + 12A5A_ p + 1240k p* + 6A¢A? | + 8A_kp)t
+ 2A°p° + 6A%Ap’ + 6A%A | p* + 6AASPY + 12AA0A_, p® + 4Ak p* + 240 p?
+ 6AA% p* +6A2A_| p* +4Ack PP + 6A0A% p +4A_ 1k pt +2A% . (3.5)

Substituting (3.4) and (3.5) into (1.4), a system of algebraic equations for the unknowns Ay, A, A_;
will be obtained. Solving the algebraic equation by the aid of Maple software, we can have some cases
as follows.

Case 1: If b = ¢, then we have two subcases.

Subcase 1.1
A=0;
Ao = 0,0r = V-2k; (3.6)
A =0,

then u(¢) is a constant.
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Subcase 1.2:
A=0;
a
Ag=xV-2k=—;
0= * 2 3.7)
2
A = i3ac + 16kp — pa ~c—ap.
6 V-2k
with a®> = -8k, ¢, p are arbitrary constant. If a = 0, then
= 3.8
u(é) = E+ C1 (3.8)
Ifa+0,
a a—c -1
@ = 5 + (e = ap) (P 4 €y explag)) (39)
Case 2: If b # ¢, then
c—b
A=+ ;
2 9
a—plc—->b
Ap =+ p(2 ) _o. (3.10)
A = iaz +b -2+ 8k’
6(b-rc)
with p = —a/(b - ¢) and ¢* = a* + b* — 4k, ¢* = a* + b* + 2k, or ¢? = a®> + b* + 8k. then A = 4k, -2k,
or —8k. ALy =+, 7 or 0.
Subcase 2.1: If A > 0, then ry = Y2, p, = — Y8,

When A =4k, k>0

ué) =

When A = -2k, k <0

ué&) =

When A = -8k, k <0

G B exp(Y2¢) — C, Y2 exp(-¥B¢) Cy exp({2¢) + C; exp(-2¢)
VA TR VA VA . GID
Cy exp($2&) + C exp(— 3£ i g) C1—5-exp(5-¢) — Cr5 exp(—=5-¢)
cl 3 exp(Lg) — €, 3 exp(— L2 26k Crexp V) 4 Gy exp(-Le) a1
Cy exp(A2¢) + C; exp(-2¢) T2, B exp(Y2¢) — C, B exp(-2¢)
G VB exp(LBg) — €, 8 VA
e - exp(- (f) exp(— 8 a1
Cexp(328) + Cy exp(—Tf)
Subcase 2.2: If A=0,thenk =0,A_; = 0.
C
ul¢) = +C1 n sz (3.14)

AIMS Mathematics
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Subcase 2.3: When A = 4k, k < 0, we have
VoA —Crsin(588) + Creos((528) 2k Creos(GRE) + Crsin(50)

wé) =7+ + . . (3.15)
T2 cos(2¢) + Cysin(52¢)  V-A  —C)sin(YF2¢) + C; cos(YFA¢)
When A = -2k, k > 0, we have
P o (A8 + Crcos(32) |k CreosC5EY) + Casin(52¢) (3.16)
ué) =+ . + . . .
2 Creos(F2E) + Cosin(3F26)  V=A —Cysin(526) + Gy cos(G2¢)
When A = -8k, k > 0, we have
sy = 2 YA ZC1SInCHE) + Cacos*He) a1

2 Creos(GRé) + Cysin(HRe)

C,, C, are arbitrary constants when they appear.

4. Conclusions and discussion

Traveling waves play an important role in solitary wave theory. To our knowledge, this work is the
first time to use these two methods to study the Bogoyavlenskii equation. We have obtained some new
traveling wave soliton solutions of the Bogoyavlenskii equation, these solutions are constructed by
trigonometric, exponential and rational functions with arbitrary coefficients and parameters. We draw
the figures of some solutions with special values of the coeflicients and parameters. These coeflicients
and parameters have practical physical meanings, the coefficients and parameters depend on the initial
value. It is easy for us to observe the soliton behaviors of these solutions, such as Figure 1 to Figure 6.
Our results have verified that the new solutions of this equation do indeed have soliton phenomena,
these will help us to study waves in the ocean. In the process of the use of the modified G’'/G? and
simplicity improved tan(¢(£)/2) methods, we find that both methods are very useful, and can help us
to get rational, trigonometric, exponential, hyperbolic solutions. By comparing these two methods, we
found that the second method are more complicated, but we can get some additional solutions which
we can not obtain by the modified G’/G? method, such as (3.11), (3.12), (3.15) and (3.16).

(@ 2.12)a=1,c=1 b 2.12)a=1l,c=1,
Figure 1. 3D and 2D plot of (2.12) with C; = 1,C, =2,k =1, = 1.
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@a=1,b=2,c=2 b)ya=1,b=2,c=2
Figure 2. 3D and 2D plot of (2.16) withC; = 1,C, =2,k =1, = 1.

214
2]4—_
213 213
2127 212
211
| 211
2.104
ZU‘?‘: 210
z.os—: 5 a8
2071
% | 208
206—_
2054 207
206
205
-10 -5 5 10
¥
(@a=1b=5c=1 ®d)a=1,b=5,c=1

Figure 3. 3D and 2D plotof (2.15) with C, = 1,C, =2,k =1,t = 1.

@a=1c=2,p=3 ®)a=1,c=2,p=3

Figure 4. 3D and 2D plot of 3.9) withC, =1,C, =2,k =1,t=1.
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() A=4 (b) A=4

Figure 5. 3D and 2D plotof 3.11) withC; = 1,C, =2,k=1,t=1.

() A=4 (b) A=4

Figure 6. 3D and 2D plotof (3.11) withC; = 1,C, =2,k =1, = 1.
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