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Abstract: In this paper, we investigate the traveling wave solutions of a small-aspect-ratio
wave equation and an integrable evolution equation for surface waves in deep water. By applying
the qualitative theory of differential equations, we analyze the phase portraits of the traveling wave
systems and obtain the exact explicit representations of solitary wave solutions.
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1 Introduction

In order to describe the dynamics of monochromatic surface waves in deep water, a

asymptotic model for small-aspect-ratio wave was derived in [1] as follows

k 3
24 —Naat = k2 x T Sk x)xxs 1.1
e = o= St (1)

where ¢ is the gravitation constant and k is wave vector. The equation (1.1) has a k-
dependent coefficient and it can be considered as belonging to both of the two categories:
that of Korteweg-de Vries models (KdV, modified KdV, Benjamin-Bona-Mahony-Peregrine,

Camassa-Holm, etc.) describing evolutions of wave profiles and that of NLS-type equations
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(modified NLS [2], Davey-Stewartson [3], etc.) describing modulation of wave profiles and
having k-dependent coefficients. Moreover, in order to find a steep rotational Stokes wave,

paper [1] also start with equation (1.1) in the frame as

k 9 3
24/ = rxt — k2 r — Nzxx — -k Tz — -k T - 1.2
\/;77 ¢t =k, —n 5 Kleze — Sk (1.2)

In this paper, since (1.1) and (1.2) are meaningful equations for surface waves in deep
water, we will employ the bifurcation method and qualitative theory of dynamical systems
[4] to investigate these equations. The phase portraits and the explicit expressions of the
bounded traveling wave solutions for the equations will obtained in the paper. To the best
of our knowledge, bifurcations of traveling wave solution for above equations have not yet
been considered.

It is well known that traveling waves propagation in nonlinear media was the subject
of intense investigations in recent years. The study of nonlinear wave equations and their
solutions were of great importance in many areas of physics (see [5-9] and the references
therein). Traveling wave solution is an important type of solutions for the nonlinear par-
tial differential equations (NLPDEs) which were found to have a variety of traveling wave
solutions (see [10, 13, 14, 30, 32]).

In recent years, various powerful methods were developed to construct traveling wave
solutions of nonlinear partial differential equations, such as the trigonometric function series
method [15], the modified mapping method and the extended mapping method (see [16]),
the (%) expansion method (see [17, 18]), the homogeneous balance method (see [19, 20]), the
tanh and extended methods (see [21]) and so on. Meanwhile, the bifurcation method of phase
plane was developed to obtain traveling wave solutions of NLPDEs (see [22-24]). Therefore,
it is a good way to understand the behavior of traveling wave solutions of NLPDEs. What
is more, breaking three solutions have attracted a great deal of interest (see [25-35]) since
Konno et al. (see [37]) first reported the breaking three solutions in a nonlinear oscillation
model of an elastic beam with tension.

Motivated by above mentioned works, we consider equation (1.1) and (1.2) by using the
bifurcation method and qualitative theory of dynamical systems. The paper is organized as
follows. In Section 2, we discuss the dynamical behavior of solutions of small-aspect-ratio
wave model (1.2) and give exact parametric expressions of traveling wave solutions for the
equations. In Section 3, the dynamical analysis and exact explicit representations of solitary
wave solutions of an integrable evolution equation are given. At the last section, we give the
conclusions of this paper.

2 Dynamical Analysis and Exact Parametric Traveling Wave Solutions

In this section, we investigate the traveling wave solutions of a small-aspect-ratio waves
equation (1.1). A breaking three solution and a family of periodic breaking three solutions
are found by employing the method of the phase plane. In addition, the relationship between
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the loop-soliton solution and the periodic loop solutions is as well investigated. The analysis
may be helpful in understanding the significance of dynamical behavior of eq. (1.1).

It is well known that a traveling wave solution of (1.1) with wave speed ¢ is the solution
having the form n = ¢(£) with £ = x — ct. Substituting the traveling wave solution n(z,t) =
¢(x — ct) for the constant wave speed ¢ into (1.1), we have the following ordinary differential

equation

k
—2¢c §¢/// — k2¢l _ %k(3¢l¢// + ¢¢W)~ (2.1)

Integrating (2.1), we have

(40\/5 — 3ke)¢" = 3k(¢) — 2k% + 7,

where g € R is an integral constant. Let u = 4c\/k/g — 3k¢p, y = ¢, then we have a plane
autonomous system

du dy 1 k
— = —=3ky, —— = —|(9ky>+2ku+35—8cky/— ). 2.2
i T 3u<y+ u + 33 C\/;) (2.2)
It is easy to see that system (2.2) has the first integral
9 2 1
H(u,y) = §u2y2 + gu?’ + §Au2 = h, (2.3)

where A = 3 — 80\/5 All level sets H(u,y) = h (h € R) give the invariant curves of (2.2).
As well known, system (2.3) has a periodic solution if and only if it has a center. Next, all
possible periodic annuli defined by the vector fields of (2.2) when the parameters ¢, k, g and

g vary will be studied. Now, we consider the quadratic Hamiltonian system

:112 = —9kuy, ?1? = 9ky? + 2ku + 3G — 8ck\/§, (2.4)
which is obtained from (2.2) by letting d§ = 3ud(. System (2.4) has the same first integral
H (u,y) and the same topological phase portraits as system (2.2) except for the straight line
u = 0. Clearly, system System (2.4) has two types of singular points of system (2.4), as
follows (see Fig. 1). Using qualitative theory of differential equations [29, 30], we can easily
verify the following proposition.

Proposition 2.1 Denote ho = H(—3A,0) = -, A%, the points P(—4,0), P( ,—\/%7)
and P (0, @), respectively, then

Case I If A < 0, then P is a center, P, and P, are saddle points, which shown
in Fig.1(a). For h € (hg,0) defined by (2.3), (1.1) has a family of smooth periodic wave
solutions (see Fig. 2(a)). For h = hy defined by (2.3), (1.1) has a unique periodic cuspon
solution shown in Fig. 2(b).

Case IT If A > 0, then P is saddle point (Fig. 1(b)); for h = hg defined by (2.3),
(1.1) has a unique breaking three solution shown in Fig. 2(c); for h € (0, hg), there exists a



966 Journal of Mathematics Vol. 36

family of uncountably infinite many periodic breaking three solutions of (1.1) shown in Fig.
2(d). Moreover, the periodic loop solutions converge to the breaking three solutions as h
approaches hyg.

Now, we will give the exact parametric representations of smooth traveling wave solu-
tions, periodic cuspons, breaking three solution and periodic breaking three solutions of the
small-aspect-ratio waves equation (1.1).

(a) Smooth periodic wave solutions.

First, corresponding to Fig.1(a), when A < 0, a family of smooth periodic wave solutions
of (1.1) exist, which correspond to a family of periodic orbits defined by H (u,y) = h, where
h € (ho,0). The numerator of (2.3) can be decomposed into

4 3A 3 4
2 _ 3 2 _
7= g (0 = B ) = - ) A=)
where o > # > 0 > ~ are function of ¢, k, g, g, which can be rigorously determined by the
formula for cubic algebraic equations. Then for f < u < a, and by y = _i%’ we have

dz.

_ VB :
£ %ﬁ/wa—zxz—m(u—w

Then we obtain the following exact parametric representations of smooth periodic wave
solutions of (1.1) as follows (see [36])

(o —7)B — (e = B)(usn(r,A))*
(@ —=7) — (a—B)(usn(r,A)?
[")’T + (B —y)II (arcsin(u sn(7, \), A%, /\)] ,

u(r) =
€)= ¢

a—

where A = (a—f3)/(a—7), sn(7, \) is Jacobian elliptic functions with the modulus A, II(- - - )
is the elliptic integral of the third kind and p is a appropriate parameters.

(b) Periodic cuspons

Corresponding to Fig. 1(a), when A < 0 and h = 0, a periodic cuspon of (1.1) exists,
which corresponds to the heteroclinic orbits defined by H(u,y) = h = 0. We have the

traveling wave solution of (1.1)

_3A
3 B 1 3 4
Sy -
u —z—34 3
Let T = 2,/ 72, we obtain the following periodic cuspon (see Fig. 2(b))
k? 5 3
u:—g(x—ct) _sz Cn—-—1)T<z—ct<(2n+1)T.

(c) Breaking three solutions
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Fig.1: phase portraits of system (3.4). (a) for A <0, (b) for A > 0.
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Fig.2: wave profiles. (a) smooth periodic wave solutions, (b) periodic cuspons, (c)

breaking three solutions, (d) periodic breaking three solutions.
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Corresponding to Fig. 1(a), when A > 0 and h = hg, the equilibrium point P(—A/2,0)
is a saddle point. By using the first equation of system (2.2) to perform the integration along

the three orbits for the initial value u(0) = —4 and u(0) = 4, respectively, we have

_VE :

dz—%
4 (z+ 91/ (4 - 2)

dz.

_ B -
£ = QkKQVQ_@@+Qy

Then we obtain the following parametric representations of the traveling wave solutions of
(1.1) (see Fig. 2(c))

wir) = 34 <1+T>2_A

4 \1—-r71 4’
3WA (147 VA
5(7)——%<1_ >_%IH|T|+gO’

where
3 JA 3-1
=—(v24A—/=In—— ] .
9 2k< 3n\/§+1>

(d) Periodic breaking three solutions

Corresponding to Fig. 2(d), when A > 0, the graph defined by H(u,y) = h, h € (0, ho)
consists of two open-end curves, passing through the points (3,0) and («,0), respectively,
where —A4/2 < <0< .

By the algebra curve the numerator of (2.3), we have the similar representations of

smooth periodic wave solutions as in (a) by doing similar procedure, we also have

V3 [ z
= — dz, .
T / Vo= ) 2

where o > 0 > 3 > ~ are function of ¢, k, g, g, and we obtain the following exact parametric

representations of smooth periodic wave solutions of (1.1) (see Fig. 2(d)) as follows

_(a—=)B—v(a—p)(usn(r,N))?
(@ —7) — (o= B)(usn(r,\)?

(r) = \/z [fyT + (B —y)II (arcsin(u sn(7,\), A%, )\)] )

where A2 = (a—3)/(a—7), sn(7, \) is Jacobian elliptic functions with the modulus A, TI(- - )
is the elliptic integral of the third kind and p is a appropriate parameter.

3 Dynamical Analysis and Exact Traveling Wave Solutions of (1.2)

In this section, we investigate the periodic traveling wave solutions of (1.2) which has
a great relationship with the steep rotational Stokes wave equation. Moreover, the results
have some different from (1.1).
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First, by substituting n(x,t) = ¢(§) with £ = z — ¢t for the constant wave speed ¢ into

(1.2), we have the following ordinary differential equation

k 9 3
_20\/;¢//I — k2¢, _ ¢I/I _ §k¢/¢1/ _ §k¢¢”l. (31)
Integrating (3.1) with respect to &, and let u = 1 — 20\/§ + 2k¢, y = ¢/, then we have a
plane autonomous system

2 k —
w3, dy oW +4/<:u+80k:\/;+6g—4k

a2 qe T 6u ’

(3.2)
where g € R is an integral constant. It is easy to see that system (3.2) has the first integral

9 4 .
H(u,y) = §u2y2 — §u3 — Qu® =h, (3.3)
where @ = 40\/5 + 32 — 2, all level sets H(u,y) = h (h € R) give the invariant curves of
(3.2). As well known, system (3.3) has a periodic solution if and only if it has a center. Now,

we first consider the quadratic Hamiltonian system

le = 9kuy, 332 = —9ky® + 4ku + 2kQ, (3.4)
which is obtained from (3.2) by letting d§ = 6ud(. System (3.4) has the same first integral
H(u,y) and the same topological phase portraits as system (3.2) except for the straight
line w = 0. Clearly, system (3.4) also has two types of singular points, as follows (see
Fig. 1). Using qualitative theory of differential equations, we can easily verify the following
statement.

Proposition 3.1 Denote

3
ho = H(-~5Q,0) =~ 2.
and the points P(—%Q, 0), P (0, —\/m) and P5(0,/2Q/9), respectively. Then

Case I If @ > 0, then P is a center; P, and P are saddle points (see Fig. 3(a)). For
h € (ho,0) defined by (3.3), (1.2) has a family of smooth periodic wave solutions(Fig. 4(a)).
For h = 0 defined by (3.4), (1.2) has a unique periodic cuspon shown in Fig. 4(b).

Case II If Q < 0, then P is saddle points (see Fig. 3(b); For h = hq defined by (3.4),
(1.2) has a unique breaking three solution which is shown in Fig. 4(c). For h € (0, ho),
there exists a family of uncountably infinite many periodic loop solutions of (1.2) shown in
Fig. 3(d). Moreover, the periodic breaking three solutions converge to the breaking three

solutions as h approaches hg.
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Fig.3: phase portraits of system (3.4), (a) for @ > 0, (b) for @ < 0.

(b)

a

o

—0.1

V —0.2

1 —0.3 4

—0.4

] —0.5

_o0.64

4 —0.7
—6 —a —2 [

b

2 a & —6

()

c

] 0.1
—0.14
] —o0.2 |

o

—0.6

62 0 02 04 06 08 15

=

—0.5 [ 0’5 1 15

Fig.4: (color online) wave profiles. (a) smooth periodic wave solutions, (b) periodic

cuspons, (c) breaking three solutions, (d) periodic breaking three solutions.
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In the following, we will give the exact representations of the smooth periodic traveling
wave solutions, periodic cuspons, the breaking three solution and periodic breaking three
solutions of equation (1.2).

(a) Smooth periodic wave solutions.

Corresponding to Fig. 3(a), when @ > 0, a family of smooth periodic wave solutions of
(1.1) exist, which correspond to a family of periodic orbits defined by H(u,y) = h € (ho,0),

we have
8 3 3

By using the first equation of system (3.2), we have

Y

dz,

_ VB :
5_’2k/vmwwﬂﬂ—@@—w

where v < f < 0 < «a are function of ¢, k,g,g, which can be rigorously determined by
the formula for cubic algebraic equations. Then we obtain the following exact parametric
representations of smooth periodic wave solutions of of eq. (1.2)

u(r) =+ (8 —7)(usn(r, \))>?,
V6 .
§(r) = Wﬁ[m — (@ =) E (arcsin(p sn(7, A)))],
where A2 = (8 —7)/(a—7), sn(7, \) is Jacobian elliptic functions with the modulus A, E(-)
is the elliptic integral of the second kind and p is a appropriate parameters.
(b) Periodic cuspons
Corresponding to Fig. 3(b), when @ > 0 and h = 0, a periodic cuspon of (1.2) exists,
which corresponds to the heteroclinic orbits defined by H(u,y) = h = 0. We have the

following traveling wave solution of (1.2)

_ Ve 1 Y 3
§2k/ng+ika\M+4Q- (3.6)

Thus we have the periodic cusp wave solutions of equation (1.2) (see Fig. 4(b))

k> 3
u(z,t) = E(x —ct —2nT)? — ZQ,

9
Cn—1)T<z—ct<2n+1)T,neN, T= 2—}?2
(c) Breaking three solutions
Corresponding to Fig. 3(b), when @ < 0 and h = hg, the equilibrium point P(—Q/2,0)
is a saddle point. By using the first equation of system (3.2) to perform the integration along
the three orbits for the initial value u(0) = @/4 and u(0) = —Q/4, respectively, we have

g:@u : dz.

%I (- 9) (2 + 1Q)°
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Then we obtain the following parametric representations of the traveling wave solutions of
(1.2) (see Fig. 4(c))

Q 30 (1+t\°
u(T):Z_T ] >

1-—1t
C3/C2Q (14t 1
&(r) =— ok (1_t+310g|t|)+90,
here gg = _3Q+_2Qlo v2-1
WHEEE 0 = o % S a1

(d) Periodic breaking three solutions

Corresponding to Fig. 3(b), when Q < 0 and h € (0, hg), the graph defined by H (u,y) =
h € (0,hg) consists of two open-end curves, passing through the points (v,0) and (53,0),
respectively, where v < 0 < 8 < —%. By calculating, we obtain following exact parametric
representations of the periodic breaking three solutions of (1.2) [see Fig. 4(d)]

u(r) =7+ (8 =) (usn(r, \))?%,
€r) = L [or — (o~ ) (azesin( sn(. 1))
T) = T—(a— T
km fy M ) )
where A\? = (3 — 7)/(a — ), sn(r, \) is Jacobian elliptic functions with the modulus A and

[ is a appropriate parameter.

4 Conclusions

In this paper, by using the qualitative theory of differential equations, a small-aspect-
ratio wave equation (1.1) and an integrable evolution equation (1.2) for surface waves in deep
water are studied. The phase portraits of the traveling wave systems are analyzed (see Fig.
1 and Fig. 3) and exact explicit representations of solitary wave solutions such as smooth pe-
riodic wave solutions, periodic cuspons, breaking three solution and periodic breaking three
solutions (see Fig. 2 and Fig. 4) are give in Section 2 and Section 3, respectively. By compar-
ing the results of these two equations, the phase portraits and exact explicit representations

of solitary wave solutions are obtained under some different parameter conditions.
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