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Abstract: The Korteweg-de Vries (KDV) equation is one of the most well-known models in nonlinear
physics, such as fluid physics, plasma, and ocean engineering. It is very important to obtain the
exact solutions of this model in the process of studying these topics. In the present paper, using
distinct function iteration relations in two ways, namely, squaring infinitely and extracting the square
root infinitely, which have not been reported in other documents, we construct abundant types of
new infinite-series exact solitary wave solutions using the auxiliary equation method. Most of these
solutions have not been reported in previous papers. The numerical analysis of some solutions shows
complex solitary wave phenomena. Some solutions can have stable solitary wave structures, while
others may have singularities in certain space—-time positions. The results show that the analysis
model we use is very simple and effective for the construction of new infinite-series solutions and

new solitary wave structures of nonlinear models.

Keywords: hyperbolic function; KDV equation; nonlinear evolution equation; infinite-series exact
solitary wave solutions; auxiliary equation

1. Introduction

The exploration of solitary waves and solitons has been always at the forefront of
modern nonlinear science topics. They have been gradually applied to various fields of
natural science [1-6]. Research shows that most nonlinear physical phenomena can be
expressed as corresponding mathematical models under specific approximate conditions
and finally simplified as nonlinear evolution equations (NLEEs) varying with time and
space. Thus, how to find the exact solutions of NLEEs using analytical and numerical
methods is of great physical and practical value for understanding their characteristics and
supplying wave parameter data and their applications. It is very important to construct
exact solutions for various nonlinear models in the interdisciplinarity of mathematics
and physics and to understand the exact solutions of NLEEs for finding out the dynamic
mechanisms and their processes in different fields of scientific research. Through these
exact solutions, we can understand the composition and propagation of various complex
nonlinear wave phenomena from the perspective of physical images, such as the shape of
waves, the appearance of peaking states, the steady state, instability or coexistence under
certain conditions, and the space-time positioning of the propagation process.

Since NLEEs are widely used in natural science and their solutions can clarify the
dynamic behavior of complex nonlinear phenomena, it is necessary to analyze and study
them with effective and powerful methods. In recent years, remarkable advances have
been made in solving nonlinear equations. Many strong and effective methods have been
developed, and abundant solutions have been obtained, for example, the F-expansion
method in Refs. [7,8], the tanh-sech method and its extension in Refs. [9-11], the Jacobi
elliptic function method in Refs. [12,13], the auxiliary equation method in Refs. [14-18], the
(G'/G)-expansion method and its extension in Refs. [19-22], and so on. These methods
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can construct a large number of exact solutions when dealing with some types of NLEEs.
However, there are still many problems to be solved, such as developing a universal and
simple method to construct complex and diverse exact analytical solutions. Theoretically,
NLEEs have infinite solutions. In Refs. [23,24], a Backlund transformation is used to
construct new infinite-series soliton-like solutions of NLEEs. For this kind of method, the
auxiliary equation is the key to construct infinite-series solutions of NLEEs. An optimal
auxiliary equation can greatly simplify the solving progress of NLEEs and can also provide
various complex and diverse infinite-series exact solutions.

Because of its simple structure, the Riccati equation is an ideal auxiliary equation,
which can greatly simplify the solving process, so it has a very wide range of applications
for solving NLEEs. In the present work, we propose a new method to construct infinite-
series solutions of NLEEs using the Riccati equation as an auxiliary equation. After the
Riccati equation is treated in this way, we obtain many new infinite-series solutions. Then,
as an application, this method is used to deal with the standard KDV equation, i.e.,

up + 6uly + Uyyy =0, 1)

which is one of the most well-known models in fluid physics [25] and in plasmas [26],
where u(x, t) is a real differential wave function depending on one-dimensional space
variable x and one-dimensional time variable t. It is a kind of one-way shallow-water wave
partial differential equation discovered when studying small-amplitude long-wave motion
in shallow water. It is also the first equation used to study soliton phenomena. Several meth-
ods have been proposed to solve this equation and KDV-type equations, for example, the
tanh function method [27,28], the variable separation method [29,30], the simplified Hirota
method [31], the homotopy perturbation method [32], and some other methods [33-35]. In
these literature works, different types of KDV equations have been studied, and many new
exact solutions and solitary wave structures have been obtained. Although these methods,
including those described above, are very effective in solving the KDV equation and KDV-
type equations, under certain conditions, the structure of the solution of the KDV equation
has some commonness with the Benjamin equation [36], the Boussinesq equation [37], the
Benjamin-Bona-Mahony (BBM) equation [38], the (2 + 1)-dimensional KDV equation [39],
the asymmetrical Nizhnik-Novikov—Veselov (aNNV) system [40], etc. Therefore, the ex-
ploration of new exact solutions and complex wave phenomena of the KDV equation is
not only important for understanding the dynamic behavior of the KDV equation, but
it also provides reference for solving the above equations and analyzing their dynamic
behavior. At the same time, it also provides some ideas for solving other NLEEs. The
method we use in this paper, that is, the construction of solutions by squaring infinitely and
extracting the square root infinitely, is a new method that has not been previously reported
in other literature studies. It is also quite different from the above Backlund transformation
method for constructing infinite-series solutions. After the KDV equation is treated using
this method, many new forms of exact solutions and solitary wave structures are obtained.

The manuscript is organized in the following way: In Section 2, the new infinite-series
exact solutions of the Riccati equation are constructed, which gives abundant hyperbolic
function solutions. This part is the theoretic basis of this paper. In Section 3, the main
steps of the scheme are described in detail. As an application, this method is used to solve
the KDV equation to prove the wider applicability of handling NLEEs with a simplified
process. Finally, the conclusion and discussion are given in Section 4.

2. Construction of Infinite-Series Solitary Wave Solutions

To construct new infinite-series exact solitary wave solutions for NLEEs, the following
form of a 0-order auxiliary equation is introduced:

20" (&) = po 802(&) + g0, )
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where py and gg are constants that can be obtained later. It is obvious that Equation (1) has
the following solutions:

g01(¢) = sinh(g),(po = 1,40 = 1). ®)
g02(¢) = cosh(g), (po = 1,90 = —1). 4)
803(¢) = sinh(g) = cosh(g), (po=1,90 = 0). 5)

Next, we introduce the 1-order equation of Equation (2), which satisfies the
following relationship:

81"@)) = P + a1, (6)

where p; and g; are constants that can be obtained later. We first assume that 1-order
Equation (6) and 0-order Equation (2) have the following relationship:

Case 1:

81(8) = g0*(&) + ao, 7)
where ag is a constant. We substitute Equation (7) into Equation (6) and use Equation (2)
to obtain
4po = p1,
4q0 = 2p1ag, . ®)
p1a02 +4q1=0.

These equations were solved using MATLAB 2014a and 2021b software (so were the

following; these software applications were used to plot all the figures and check all the
2
0

results), obtaining the following results: p; = 4pog, g1 = —qp—g, and a9 = 2’%. Then, we
can obtain ,
gn(Q) =sink*(Q) + 5, (pr =431 = -1). )
1
812() = cosh* (&) — 5 (=40 =-1) (10)
13(8) = [sinh(Z) £ cosh())?, (p1 = 4,41 =0). (11)
For the second case, we adopt the following transformation:
Case 2:

g1(¢) = \/m, (12)

where g9 is a constant. We substitute Equation (12) into Equation (6) and use Equation (2)

to obtain )
ZPO = pll
2p1a0 +q1 = 0, (13)

%’70 = p1ao? + q14o.

By solving them, we can obtain p; = %po, g1 = £2/—poqo, and ay = F f%. Then, we

§14(¢) = \/sinh(¢) +¢ (p1 = %zﬂh ; 2= -1). (14)
§15(8) = \Jeosh(@) +e, (p1 = 1,1 =~ = 1) (15)

16(8) = \/Sinh(&) = cosh(2), (pr = 3,1 =0) (16)

can obtain

I
\
|
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™M
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Next, we introduce the n-order equation of Equation (2), which satisfies the
following relationship:

2
(80 ()] = Pngn*(2) + qn, (17)
Moreover, it satisfies the following relations with the (n — 1)-order equation:
Case 1:

§n(&) = gn-12(&) + ap_1, (18)
Case 2:

gn(8) = gn1(8) +an-1, (19)
According to Equations (6)—(8), (12) and (13), we can obtain the following infinite-series
hyperbolic function solutions:
Case 1:

2
80(0) = 80-12() + 5= (o = dpy,qn = =10, 20)

Case 2:

[ gu_ 1
gn(‘:) = \/gn—l(g) + _% ’ (Pn = an—l/ gn = F2+/ _Pn—llJn—l)‘ (21)

To simplify the process as much as possible, we choose the following simple Riccati
equation [17,41-43]:
f1@) = @) +p. (22)

To find the new infinite-series hyperbolic function solutions, it is assumed that Equation (22)
has the solution in the following transformation:

gn' (§)
= ko + ki =24, 23
f(C) 0 1gn(§)+r ( )
where 7, ky, and k; are constants to be determined; and n =0, 1, 2, - --. By substituting

Equation (23) into Equation (22), using Equation (17), and then setting each coefficient of
gn' () (i=0,1, 2, ---)as zero, the following equations can be obtained:

ko - 0, qn = 0,
ki*pn+ 1 =0, or ko + ki pu = 2ok \/Pu + 1 = 0, (24)
kipnr = 2pur, kipnr = 2ko*r % 2kokyr\ /Py + 2pur,
—kign = k12¢1n + Wz; k02r2 + yrz =0.
By solving them, we can obtain
k() =0, qn :10’
ki =—3, Ko = F2/Pn
_ _Pn oOr kh=-1, . (25)
4 P
p=+, /-1 H=-1
Pn’ r#0

In Case 1, when g, # 0, although go1 (&) # g02(&), owing to sinh?(&) + 3 = cosh?(¢) — 1,
the infinite-series hyperbolic function solutions of gg1(¢) are the same as those of gp> (&)
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when n > 1. So, in this case, we have new infinite-series hyperbolic function solutions in
the following forms:

e )
80(8) = sinh(Z), (po = 1,90 = 1) or go(&) = cosh(¢), 2(po =1,q90 = —1)- (26)

gn(8) = 8u12(@) + 32, (pu = 4pu-1,90 = 4 =1,2,3,-

1 evn[sinh(&) + e-cosh(&)]"" <7 v2n?

- _ AL L2
fon(8) = £ 5vn Sinh(©) + ecoh @ 47 W= T r#£0v#0n=1,23---,¢ —1) (27)

In Case 2, the infinite-series hyperbolic function solutions of go3(¢) are the same as
Equation (27). So, in this case, we have new infinite-series hyperbolic function solutions in
the following forms:

fan(G) = _‘z[gg::ll(g)w]' (P‘ = —p"{lfr = i\/ _%)'
80(¢) =sinh(¢), (po =1,q0 = 1) or go(&) = cosh(Z), (po = 1,90 = —1). (28)
gn(8) = \/gn—l(é) £, /-0, (Pn = 1Pn-1,9n = F2/ =P 1Gn-1,1 = 1,2,3,...),

Next, we use the following formula transformation to solve Equation (28):

gn(8)gn'(§ )
= ko + k1 &—=—2~ (29)
fe) = gn?(5) +r’
where 7, kg, and kq are constants to be determined; and n = 0, 1, 2, ---. We substitute

Equation (29) into Equation (22) and use Equation (17). The following equations can
be obtained:

kO = OI Qn = 0/
ki’pn+p =0, or ko + ki pu = 2ok \/Pu + 1 = 0, (30)
—k1gu + 2ky par = ki>qn + 2ur, 2kipur = 2ko?r & 2kokyr, /Pn + 2ur,
kiqnr = pr%; ko®r? + ur? = 0.
By solving them, we can obtain
ko =0, n =0,
k] — _1, kO = :t\/ pn,
. or< ki=-2 (31)
,u - _P}’l/ _
r = An . Au - _pl’l/
Pn’ r#0.

So, we can obtain the following new infinite-series hyperbolic function solutions:

80(§) = sinh(¢), (po = 1,40 = 1) or go(¢) = cosh(&), (po = 1,40 = —1) (32)

2
$n(0) = 8u12(@) + b, (po = 4pac1,qu = — 2 n =1,2,3,-

_ 2evn[sinh(§) + e-cosh(&)]*"" (V _

fon(8) =+ [sinh(Z) + e-cosh(&))*" +r’

202, r £0,v£0n=1,2 3, &= 1). (33)
In Case 2, because

gn(8)gn’ (&) _ 1 gn—1'(%) (34)

R ANy =y
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the infinite-series hyperbolic function solutions of go1(¢) and gg2(¢) are the same as
Equation (28). Moreover, the infinite-series hyperbolic function solutions of gp3(¢) are also
the same as Equation (33).

It is obvious that h(&) = a1/ f(&) also satisfies Equation (22) when a; = —u, p = .
Therefore, the following equations are also new infinite-series hyperbolic function solutions

of Equation (22):
N n— n— (: +r N n— _— 71_1
Fol®) = BB, (= s )
80(&) = sinh(g), (po =1, qo =1) or go(&) = cosh(¢), (Po =1,q0=— ) (35)
ng(C) ng 12(6) + 2pn 1/ (Pn — 4pn 1,q~yz == ‘711 ,n = 1 2 3

vn[sin £-cos " vnr v2n?
f7n( ) [ h(g) + h(é)] + ( __ " 2 _ 1) (36)

(£2 — 4e)[sinh(Z) + e-cosh(&)] " £ 2r’ —g A0V AOn=1,2,3 ¢

fonl@) = ~ @ (= —opt = [,
80(8) = sinh(g), (po = 1,90 = 1) or go(¢) = cosh(é) (po =190 = —1). (37)
gn(C) = \/gnq(?) + \/ T Pn T (Pn = 4pn71/qn = F2/—Pn-19n-1,n=1,2,3,-- )

fon(&) = _%’ (7‘ = —Pn-1,7 = %)
80(¢) = sinh(¢), (po = 1,90 = 1) or go(¢) = cosh(G), (po =1,90 = - ). (38)
gn(é’) = gn712(€) _ In-1" 1

24;:11, (Pn = 4pn71/ an = P ,n=123,-
vnsinh(g) + e-cosh(&)*" + vnr (

(£1 — 2€)[sinh(&) + e-cosh(&))*" £

Compared with other published literature studies [17,41-43], the solutions of Equation (22)
obtained are novel. In these infinite groups of solutions, except for a few low-n-order solutions
that have been reported in other literature studies, the rest are all our newly discovered solutions.
Compared with Refs. [23,24], the infinite solutions in this paper are also quite different from
those constructed using a Backlund transformation in the structure, especially the solutions
obtained by extracting the square root infinitely.

fion (g) =

=%, r£0v#£0n=1,23,---, 82:1). (39)

3. Main Steps of the Scheme and Application

A (1 + 1)-dimensional nonlinear equation can be expressed as follows:
N (1, g, thy Upp Uyt Uy, - - ) = 0. (40)

To find the exact solutions, we assume that Equation (40) has the following traveling wave
transformation:

u(x,t) =u(g), & =kx+ct, 41)

where k and c are pending wave parameters. The following ordinary differential equation
can be obtained by substituting the above formula into Equation (40):

N(u, u',u",--+) =0, (42)

where 1 represents du/dg. We assume that the solution of Equation (42) satisfies the
following form:

u(@) =Y oaif (9, (43)

where a; are constants, /(&) is the solution of Equation (22). and 7 can be obtained using
the homogeneous balance. In the present method, the predetermined complex formal
solution can be put in the solving process of Riccati Equation (22), because its solving
process is relatively much simpler. Following this procedure is of great benefit. First, it can
greatly simplify the solving process of NLEEs. Second, many complex solutions are actually
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the same group of solutions after simplification. However, the simplification process is
extremely complicated, and we can exclude the same solutions to the maximum extent by
doing so.

In the following, we deal with Equation (1) using of this method. The traveling wave
of Equation (41) is substituted into Equation (1) and integrated once, and the constant
obtained using integration is zero. We can obtain

u + 3ku® + KPu” = 0. (44)
Considering the homogeneous balance, the solutions of Equation (44) can be shown as

u(g) = ao + a1f (&) + arf2(2). (45)

Equation (45) is then iterated into Equation (44), and a set of algebraic equations is generated
for ag, a3, ap, k, and c. We collect all terms with the identical power of f(&) and set each
coefficient equal to zero. Finally, we can obtain

6a2k3 + 3k(122 =0,
2a1k3 4 6a1a2k = 0,
cap + 3k (a1 + 2a9az) + 8appk® = 0, (46)
caq + 6kﬂoﬂl + 201“11]{3 =0,
capg + 3k{102 + 2a2y2k3 =0.

By solving the algebraic equations, a, a1, a2, k, and ¢ can be shown as follows:

a=—(§+3)u
a1 = 0,
ay = —2Kk2, . (47)
c = +4uk3,
k # 0.

The parameters given in Equation (47) are consistent with the corresponding solutions
of the KDV equation in Refs. [28,44]. The solutions obtained using the method in this
paper include some existing solutions, and on this basis, they are extended to an infinite
number of solutions in different ways. Thus, the new infinite-series solitary wave solutions
of Equation (44) can be expressed as follows:

— l l 2 _ 2Pn71811712(§)+‘7n71 — _ qn-1
nl6) = (3&)pak -k 2ga @)+ (r==y-12)-
80(¢) = sinh(¢), (po = 1,40 = 1) or go(¢) = cosh(§), (po = 1,90 = —1)- (48)
g”(g) = gi’l—lz(g) + zq;;i;jll (Pn = 4pn—]r Gn = 7‘];”:11 N = 112131 o >

where ¢ = kx+ct, ¢ = :Fpn_1k3, k # 0. In this set of infinite solutions, owing to
82(8) g0 (&) =sinh(&) = 82(8) gy (&)=cosh(z)- these two cases represent the same infinite-series so-
lutions when n > 2. Owing to p, = 4p,_1 and pp = 1, nli_rgopn — o0 and }}grgouln(g) — 00,
s0 u1, (&) does not converge. In fact, because there are some negative components in the
denominator of u1,(&), even if the n-order is not high enough, u1,,(&) tends to infinity in a
small space-time range. This means that stable solitary wave structures only exist in those
solutions with lower n-order values. Since u1,({) includes so many solutions of the KDV
equation, due to space limitation, we only give examples of solitary wave solutions when
n < 4 and discard the imaginary number solutions. These four groups of solutions are

follows:
as follows ) — <1i1>k2_kzsiﬂhz<€‘) (49)
1) =\3+*g 2[cosh(&) +1]*’
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where ¢ = kx +ct, c = Fk3, k # 0, r = £1. This set of solutions is consistent with one of
solutions in Equation (31) of the KDV equation in Reference [27].

1 (&) = (g i ;)kz Y sinh?(&)cosh?(¢) , (50)
[coshz({,‘) -1+ r}

where & = kx +ct, c = T4k3, k #0, r = i%. Ifr = %, this set of solutions is consistent
with Equation (29) in Reference [28], while if r = — %, it is consistent with Equation (31) in
Reference [28].

ua(§) = (16 + 8>k2 _ ppaeosh(@) = Bcosh(€) + Scosh! () — cosli* (@)
T [coshé(2) — cosi2(@) + § +7]

. (D

where & = kx +ct, c = F16k3, k # 0, r = i%. This set of solutions is a new one of the
KDV equation that we obtained.

64 [coshs((a’) — 2cosh® (&) + %cosh‘l((j) - %coshz(é) - ér -

1
64 32 256
m@) = (§23)e-# >, (52

Z[a)shs(é) — 2c0sh®(&) + Fcosh*(&) — Yeosh2(¢) — 4 + r]

where & = kx +ct, c = T64k3, k 0, r = iﬁ. This set of solutions is also a new one of
the KDV equation that we obtained.

These four groups of solutions represent the bright solitary wave of the KDV equation
(see Figure 1). We apply a 3D plot to the image of function u(¢) changing with time and
space, so that we can obtain the amplitude change of u(¢) for different space-time positions.
From this, we can know the local wave structure of each solution and its evolution over
time. The increase in 7 in 11, ({) increases the amplitude of the solitary wave and decreases
the bandwidth in space-time. When n = 4, there are two rows of singularities in a very
small space—time region. It can be seen that, in this case, stable solitary wave structures
only exist for n =1, 2, 3. When n > 3, solitary waves become unstable.

_ 1,1\ 5 0.0 o V212 [sinh(&) + e-cosh(&)]"" o [ vnlsinh(¢) + e-cosh(¢)]"" 2
uan(8) = <_6 = 8>V w20k [sinh(&) + e-cosh(&)]"" +r — 2 {[sinh(é) + e-cosh(&)]"" +r} - 53)

where & = kx +ct, c = Fv*n?k3, k #0, r #0,v #0,n=1,2,3,--- , A> =1, ¢ = 1. This
set of solutions contains a large number of integral, fractional, and irrational solitary wave
solutions, which are determined by different values of k, A, v, n, e, and r. Ife =, v =1,and n
=1, this set of solutions is consistent with Equation (24) in Ref. [44]. Under other conditions,
it is the new solution we found for the first time. When n — o0, 1, (&) — co. When n — 0,
Uz, (&) changes slowly in a large space—time region. If ¥ < 0 or e = —1, 12, (¢) can tend to
infinity in a certain space-time range. Therefore, stable solitary wave structures also only
exist in some special solutions with lower n-order values. Figure 2 shows the images of
bright solitary waves changing withn whenk =1, A =1, v =1, e =1, r = 1. Under
these conditions, the amplitude of the bright solitary wave increases with the increase in
n, while the bandwidth in space-time is the opposite. It can be seen that in this case, the
solitary wave structure is relatively stable under low-n conditions, but under very-high-n
conditions, u({) increases sharply in a small space-time range and becomes unstable.
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i -10 -10 x -0.02 -0.02 x

Figure 1. Evolution of solitary waves with n in uy,, whenk=1: (@) n=1,(b)n=2,(c)n=3,and (d) n =4.

£ -10 -10 -1 - x

t
x ~100 -100 x t ~100 -100

b

Figure 2. Evolution of solitary waves with nin uy, whenk =1, A=1,v=1e=1,r=1:(an=1,
b)n=2,()n=4(d)n=8()n=3 (fn=1and(g)n=4}.

= Sl”h(C) (Po =1,q0=1)or go(C) = cosh(), (po = 1,40 = —1). (54)
\/gn 1 :t pn 1 (pﬂ - 4Pn—l/‘1n = :Fz\/ _Pn—l%z—l/n = 112/3/ t )

where { = kx +ct, c = :Fpn_1k3, k # 0. This is a set of infinite-series solutions obtained by
extracting the square root infinitely. Owing to p, = }Ipn_l and po = 1, nlgn pn — 0 and

lim u3, (&) = 0, so u3,(¢) with high-n-order values can change slowly in a large space-
n—oo

time region. Since the solutions corresponding to go(¢) = sinh(¢) belong to the imaginary
number range, we only give the examples corresponding to go(¢) = cosh(¢). The solitary
wave solutions of the four groups of examples are as follows:

(1 1N o sinh*({)
uan(£) = (3 - 6>k ¢ 2[cosh(E) +r]2' 9)

where & = kx + ct, c = Fk3, k # 0, r = £1. This set of solutions is the same as Equation (49).

1 7
uz(g) = (112 * 21—4)"2 o 1eohE) ~ g 3 (56)
2[\/cosh(§) +1+r]
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where ¢ = kx +ct, ¢ = $%k3, k#0,r= +1/2. This set of solutions is a new one of the
KDV equation that we obtained.

1 _ 15
w3s(E) = (418 I 916>k2 _2__ 16 cosh(g) + 2 . 57)
2 {\/\/cosh(é) +1 +2\/§—|—r]

where { = kx +ct, c = :F%k:'}, k#0,r= +4+/2. This set of solutions is also a new one of
the KDV equation that we obtained.

1 1 >k2k2 gj\/«/cosh(C)—i—l-I—Z\f—*

(58)

2/

uz(8) = <192 + 384
2 \/\/\/cosh(é) +14+2V24+4V2+r

where { = kx +ct, c = :|261—4k3, k#0, r==+4v 2+v/2. This set of solutions is also a new one
of the KDV equation that we obtained. The solitary wave evolution images corresponding
to these four groups of solutions are shown in Figure 3, which represents the bright solitary
wave solutions of the KDV equation. In this set of infinite-series solutions, it can be seen
that the larger the square root number is, the smaller the amplitude of the corresponding
bright solitary wave is, and the larger the space-time width is. In this case, all the solitary
waves have relatively stable structures.

=50 50 N t -100 -100 M

-100 -100 x

Figure 3. Evolution of solitary waves with n in u3, whenk =1: (a)n =1, (b) n =2, (¢) n = 3, and
(d)n =4.

s wor8y 120
Ugn(8) = (§ + §>Pn—1k2 - 2"2%'

80(¢) = sinh(Z), (po = 1,40 = 1) or go(&) = cosh(¢), (po = 1,90 = fl)- (59)

2
§n(&) = gn-1%(g) zq;*jl, (Pn =4p,_1,qn = ‘; - n=1,2,3,-

where { = kx +ct, ¢ = :F4pn_1k3, k # 0. In this set of infinite-series solutions, although
nlgn gy (&) — oo, owing to being zero at the denominator for some values, 14, (¢) has

singularities in some space—time positions. In this case, these four groups of examples are

shown as follows: )
4 2 cosh
ug (§) = (3i3>k2—2k23inhzgg/ (60)

where & = kx + ct, ¢ = F4k3, k # 0. This set of solutions is consistent with Equation (31)
in Ref. [28].

h2
uald) = (5 £ 5 )¢ - 92 o ZJ , (61)
3 3 4[cosh2(§ %]
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u(é)

where ¢ = kx+ct, c = F16k3, k # 0. This set of solutions is a new one of the KDV equation
that we obtained.

2
cosh*(&) — cosh?(&) + &
ug(¢) = (634 332 >k2 512k [ 8l ) 62)
16[cosh4(§) — cosh?(&) + %] — %

where & = kx + ct, ¢ = F64k3, k # 0. This set of solutions is also a new one of the KDV
equation that we obtained.

[coshS(g)fzcoshé(c)+§cosh4(<§)*%005’12(5)*12]2 . (63)

64 [cashs(g) — 2c0sh8 (&) + Scosh*(&) — Lcosh? (&) — 6774] — 7%

1y (&) = <? + 152;—8)18 8192k2

where & = kx +ct, ¢ = F256k3, k # 0. This set of solutions is also a new one of the
KDV equation that we obtained. The solitary wave evolution images corresponding to
these four groups of solutions are shown in Figure 4, which represents the dark solitary
wave solutions of the KDV equation. Furthermore, the space-time width of the solitary
wave decreases with the increase in n. However, because p,,_1 gn_lz(C) + gy—1 = O under
certain conditions, this set of infinite solutions has singularities in some specific space-time
positions, which makes the solitary wave structure unstable.

,u®

2000 -

0.05

£ 05 05 px t 005 005 5 -0.01 0,01

X

Figure 4. Evolution of solitary waves with n in uy, whenk =1: (a)n =1, (b) n =2, (c) n = 3, and
(d)n =4.

(222 e s g PRI +ecosh@F o f vnlsinh(@) + ecosh(@P |
us, (&) = ( 3 + 3>v n°k* + 8Ak i (©) + ecosh @) 17 8k {[sinh(fj)+s-cosh(§)}zw+r , (64)

where & = kx +ct, c = F4*1n%k3, k #0, r #0,v #0,n=1,2,3,--- ,A2 =1, ¢ = 1. This
set of solutions is a new one of the KDV equation that we obtained. It does not converge
when n — co. However, the different values of r and & can make us, (§) have singularities
in some space—time positions. This set of solutions represents an anti-kink-type solitary
wave with many singular points whenk =1, A = -1, v=1, e = —1, r = —1, as shown
in Figure 5. When #n increases, the amplitude of the solitary wave increases, while the
bandwidth in space-time decreases. These solutions all have relatively stable solitary wave
structures. When 0 < n < 1, the solitary wave becomes a combined wave of an anti-kink
solitary wave and a dark solitary wave with singularities. Then, the solitary wave becomes
unstable near the singularities.

1 2 112 Pui’gu1(8)+1) _ G
uén(g) ( i6>pn lk k Pn— 11gn l (1§)+qn 1 (r - :l: _prll)
80(¢) = sinh(g), (po =1,q0 = 1)orgo(é) - cosh(é‘)rgpo =1q0=-1).  (65)
ng( ): ( ) 2pn 1/(Pn—4pn 1/[171— pn 1/ :1/2/3/"')
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ue1(¢) = (1

where & = kx +ct, ¢ = Fp,_1k3, k # 0. This set of solutions tends to infinity when n — oo

1
S+ K-
3 6)

12 0f 18
because 1i_1}1 pn — o0. In this case, these four groups of examples are shown as follows:
n—oo

1,5 [cosh(E) —|—r]2
2 sinh?(¢)

-100

-200

2300
400
500

600
-1

0
2 2

t

2
0
2 2

@n=1,bn=2()n=4,d)n=8()n=41Hn=4and(gn=
Equation (20) in Reference [27].

1

Figure 5. Evolution of solitary waves with n in u5, whenk =1, A = -1, v=1,e= -1, r = -1
g-
where ¢ = kx +ct, ¢ = Fi3, k # 0, r = +1. This set of solutions is consistent with

ue1(¢) = (% + %)kz -

1,5 [cosh(E) +r]2
2 sinh?(¢) '

where & = kx+ct, c = F4k3, k #0, r = :l:%. In this set of solutions, if r = %, it is consistent
it is consistent with Equation (33) in Reference [28].

(67)
with Equation (35), and it is consistent with Equation (35) in Reference [28], while if r = %,
ues (&) = (% + §>k2 — 128Kk?

KDV equation that we obtained.

[cosh"’(@) —cosh?(&) + & + r}z

4cosh® (&) — 8cosh®(¢) + 5cosh* () — cosh?(¢)’
where & = kx +ct, c = F16k3, k # 0, r = :l:%. This set of solutions is a new one of the
uss(§) = <%

32\, 5
3 + ?>k 2048k

(68)

[coshs(c;") — 2c08h®(&) + Scosh* (&) — 1cosh?(&) —

64| cosh® (&) — 2coshd (&) + 3cosh* (&) — Ycosh?(&) —

(69)
these four groups of solutions are shown in Figure 6, which represents the dark solitary
wave structure of each solution is completely unstable.

2

at r]
where §{ = kx +ct, ¢ = F645k3, k #£0,1r= :I:é—g. This set of solutions is also a new one of
wave solutions of the KDV equation. Owing to the existence of singularities, the solitary

z] P
64 256
the KDV equation that we obtained. The solitary wave evolution images corresponding to

(66)
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Figure 6. Evolution of solitary waves with n in ug, whenk =1: (a)n =1, (b) n =2, (c) n = 3, and
(d)n =4.

(Y 1\ 2200 50 vn[sinh(¢) + e-cosh(¢)]"" +vnr 2
1/[711((:) - <§ Zl:g)l/ n<k 2k {(2A+4g)[smh(§)+£cosh(é‘)]m—l—Z}\V} s (70)

where & = kx +ct, c = F2n%k3, k #0, r #0,v #0,n=1,2,3,--- , A> =1, ¢® = 1. This
set of solutions is a new one of the KDV equation that we obtained. In this set of solutions,
uz, (&) increases with n until infinity. These solutions represent a kink-type solitary wave
with many singular points whenk =1, A = -1, v =1, e = —1, r = —1, as shown in
Figure 7. Different values of n can make the amplitude, space—-time width, kink direction,

and singularity position of the solitary wave different. In this case, all the solitary waves
have relatively stable structures.

10 10 x !

" A 4

T

x10°
8.

u(§
s o

)

0dl—
200

-50 -50 - -200 200 X

Figure 7. Evolution of solitary waves withnin uy, whenk=1, A=1,v=1e=1,r=1:(a)n=1
b)yn=2,()n=4(d)n=8()n=13fn=1and(gn=4}

)= (3= R ()

= smh(é) (Po =1,q0 = 1) or g0(¢) = cosh(C) (po=1,90 = —1). (71)
\/gn 1 pn o (Pn = 1Pn-1,n = F2V/ P 1fu-1,1 = 1,2,3,~~).

where ¢ = kx + ct, ¢ = Fp,,_1k%, k # 0. In this set of solutions, although lgn ugy (&) — 0,
n—o00
owing to being zero at the denominator for some values, many singularities could exist in
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some space-time positions. The solitary wave solutions of the four groups of examples are

as follows: )
_(1,1\,0 1afcosh(@) +1]
1481(6) = <3i 6>k - Ek W’ (72)

where & = kx 4 ct, c = Fk3, k # 0, r = £1. This set of solutions is the same as Equation (66).

1 )kz— [\/cosh +r}

ugy(8) = (12 32 *COSh(g) - % ,

where ¢ = kx +ct, ¢ = $%k3, k#0,r= +1/2. This set of solutions is a new one of the
KDV equation that we obtained.

(73)

[\/WHWM]

1 2
ugs(8) = (48 )k_512k T Jeosh@ T 1-Bv2 (74)

where { = kx +ct, c = :F%k:'}, k#0,r= +4+/2. This set of solutions is also a new one of
the KDV equation that we obtained.

2

o [\/Wmmmmﬂ
uga(€) = | 7oz + o |K* — K
84 <192 384> 8192 gj\/\/wsh(w—l-%f—%%

(75)

where ¢ = kx +ct, ¢ = :|26l4k3, k#0,r= +4+/2+/2. This set of solutions is also a new
one of the KDV equation that we obtained. The solitary wave evolution images of these
four groups of solutions with n are shown in Figure 8. It can be seen that the value of n
can change the shape of the solitary wave and the space-time position of singular points.
ug1 (&) represents a dark solitary wave. With the increase in 7, it gradually evolves into a
traveling wave with two rows of singular points. So, the solitary wave structure becomes
unstable under high-n conditions.

20 -20

10 10 x S o 10 N

Figure 8. Evolution of solitary waves with n in ug, whenk =1: (a)n =1, (b) n =2, (¢) n = 3, and
(d)n =4.

ugn(§) = (% + %)ankz Zkz%l(gul,
80(0) = sinh(Q), (po = 1go =) or gu(d) = wsh(), (po = Lao = ~1. 79

§n(2) = 80 () + AL, (b = dpu 1 4w = L, n =1,2,3,-

where ¢ = kx + ct, ¢ = F4p,_1k>, k # 0. As can be seen in Equation (76), the value of
gy (&) increases with n until infinity. In this set of solutions, the four groups of examples

are as follows: 4 0 2
un(9) = (343 )R -2 )
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10 -10

where ¢ = kx +ct, ¢ = F4K3, k # 0. This set of solutions is consistent with Equation (29)
in Reference [28].

2
(2N 24[cosh2(§) - %} -1
ug (&) 4(3 + 3)k 2k [COShZ@) - %r , (78)

where & = kx 4 ct, ¢ = F16k>, k # 0. This set of solutions is a new one of the KDV
equation that we obtained.

W=

16{ [cosI?(¢) - %r _ é}z _

{ [coshZ(C) - %r - 31;}2

where § = kx +ct, ¢ = T64k3, k # 0. This set of solutions is also a new one of the KDV
equation that we obtained.

ug3(8) = 16(;l + ;)k2 —2k? , (79)

, (80)

4 2>k2 - 264 [coshs(g’) — 2c0sh® () + Scosh*(&) — Lcosh? (&) — 614]2 — 2},—6
3 3 7

l/l94((:):64<7ﬂ:7 2
{coshg(rj) — 2coshb (&) + Scosh* (&) — cosh?(E) — @}

where & = kx 4 ct, ¢ = F256k3, k # 0. This set of solutions is also a new one of the KDV
equation that we obtained. The solitary wave evolution images corresponding to these
four groups of solutions are shown in Figure 9. In this case, the increase in n reduces
the space-time width of the solitary wave and changes the space-time position of the
singularity. 191 () represents a bright solitary wave. With the increase in , it gradually
evolves into a traveling wave with many singular points. In this case, stable solitary wave
structures only exist under low-n conditions, while they become unstable under high-n
conditions.

-0 10 x

0.1 -0.1 X

Figure 9. Evolution of solitary waves with 7 in ug, whenk =1: (a)n =1, (b) n =2, (¢) n = 3, and
(d)n =4.

(402 e ged _vnlsinh(@) + ecosh(@)P" +unr |}
ton(6) = (3 + 3)1/ ok -2k {(A — 2¢)[sinh(&) + e-cosh(&)]*"" ir} o 6D

where & = kx +ct, c = F42n?k3, k #0, r #0,v A#0,n=1,2,3,---, A2 =1, = 1.
This set of solutions is also a new one of the KDV equation that we obtained. As shown
in Equation (81), nlgrolo u10n(G) — 00, so stable solitary wave structures only exist in those

solutions with lower n-order values. This set of solutions represent a mixed type of solitary
wavewhenk =1, A = =1, v =1, e = 1, ¥ = —1, as shown in Figure 10. The change
in n can change the amplitude, space-time width, singularity position, and propagation
direction of the solitary wave. In this case, under low-n conditions, there are very stable
mixed solitary wave structures, while under very-high-n conditions, the wave structures
become unstable.
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Figure 10. Evolution of solitary waves with n in ug, whenk =1, A = -1, v=1,¢e=1,r = -1
@n=1,bn=2()n=4,(d)n=8()n=43Hn=4iand(gn=14.

4. Conclusions and Discussion

In this paper, we construct ten sets of infinite-series solitary wave solutions of the
standard KDV equation using the Riccati equation. Although the solution of the Riccati
equation has been studied a lot in the past, the solutions obtained by squaring and extracting
the square root infinitely that we constructed have not been reported in other literature
studies. In these infinite series exact solitary wave solutions of the KDV equation, most of
them have not been reported in other documents, most of which have not been reported
in other documents, such as us, (), u7,(&), u10 (&), and higher-n-order solutions in other
seven sets of solutions. All the solutions of the KDV equation obtained in this paper
were checked using MATLAB 2014a and MATLB 2021b. Among these solutions, u1,(&),
ey (&), and ug, (¢) tend to infinity when n tends to infinity, which indicates that stable
solitary wave structures only exist in the low-n-order ones of these solutions. u3,(¢) can
gradually decrease in a large space—time region with the increase in n. The infinite solutions
corresponding to uyy, (&), us, (&), uy, (&), and uy0, (&) could show different convergence
due to different r, ¢, and v. Because the denominators of the solutions corresponding to
14, () and ug, () are zero in some space-time positions, there are always singular points
in these regions.

To give more intuitive physical images of these solutions, solitary wave images of
some examples are also given. These images show the complex nonlinear phenomena of
the corresponding solutions. Some solutions show stable solitary wave structures, while
others become unstable in some space—time positions due to the existence of singularities.
In these infinite-series solitary wave solutions, there are still abundant new solitary waves
of various forms, which we have not given one by one due to space limitations. Exploring
the solitary wave characteristics of these new solutions not only could significantly improve
the understanding of the solitary wave behavior of the KDV equation, but it could also
provide reference for the Benjamin equation, the Boussinesq equation, the BBM equation,
the (2 + 1)-dimensional KDV equation, the asymmetrical NNV system, etc. In the same
way, the method used in this paper can also be used to deal with other kinds of NLEEs to
obtain new infinite-series exact solutions and new solitary wave structures.
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