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SOLITARY WAVES, PERIODIC PEAKONS,

PSEUDO-PEAKONS AND COMPACTONS

GIVEN BY THREE ION-ACOUSTIC WAVE
MODELS IN ELECTRON PLASMAS

Yan Zhou'?!, Jie Song! and Tong Han?

Abstract The nonlinear ion-acoustic oscillations models are governed by
three partial differential equation systems. Their travelling wave equations
are three first class singular traveling wave systems depending on different pa-
rameter groups, respectively. By using the method of dynamical system and
the theory of singular traveling wave systems, in this paper, it is shown that
there exist parameter groups such that these singular systems have solitary
wave solutions, pseudo-peakons, periodic peakons and compactons as well as
kink and anti-kink wave solutions. The results of this paper complete the
studies of three papers [5,13] and [14].

Keywords Bifurcation, singular travelling wave system, solitary wave solu-
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1. Introduction

Recently, in 2018 and 2019, three dynamical models are considered by three papers
(Rufai and Bharuthram [13], Hatami and Tribeche [5], Sultana and Schlickeiser
[14]), respectively. The authors applied so called Sagdeev potentials to investigate
solitary wave solutions given by these models. However they did not study the
dynamical systems corresponding to the Sagdeev potentials, and did not know the
existence of singular straight lines in the differential systems describing the traveling
waves. In addition, they did not understand the theory of singular traveling wave
system developed by Li and Chen [7] and Li [8]. Therefore, these three papers
can not discuss existence of the pseudo-peakons, periodic peakons, compactons as
well as kink and anti-kink wave solutions. Similar cases appeared in Ghebache
and Tribeche [2,3] and Das [1]. The three papers [10-12] have obtained some
new complete results by using the method of dynamical system. It is necessary to
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study the dynamical behaviors of the traveling wave solutions of the following three
models.

1. Hatami and Tribeche [5] stated that “One of the most important longitu-
dinal electrostatic waves in plasma is the ion-acoustic wave that can be observed
commonly in space and laboratory plasmas. According to theoretical as well as
experimental results, this wave plays an important role in the turbulence heating,
the laser plasma interaction, the particle acceleration, etc.” Considering a homoge-
neous, collisionless, unmagnetized plasma consisting of ion with finite temperature
and two species of g-nonextensive electrons (cool and hot), the normalized basic
equations, based on the fluid description, for one dimensional propagation of non-
linear ion-acoustic solitary waves in such a plasma are given as follows:
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In order to derive the Sagdeev’s pseudo potential from system (1.1), we assume
that all the variables depend on a single independent variable £ = X — V7, where
V' is the velocity of the moving frame. Further, the following appropriate boundary
conditions ¢ — 0,u; — w0, N; = 1, P, — 1 at |§] = oo are defined. Thus, system
(1.1) can be reduced. Especially, the forth equation of system (1.1) becomes

d2¢

gz = ONe+ (L= 0N, =N, (1.3)

where

N; =
2\/

is the Mach number.

Then, Hatami and Tribeche [5] obtained the following two-order differential
equation:
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It is equivalent to the planar dynamical system

%y,
2~ 51+ (g0 — )¢ D + (1= 0)[1+ Blan — 1)g] 50D (1.5)
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which has the first integral or Hamiltonian:
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(1.7)
is called Sagdeev’s pseudo potential. We notice that [5] did not study the dynamics
of system (1.5). By using the numerical method, the authors only considered the
Sagdeev potential (see Sagdeev [15]).

2. Sultana and Schlickeiser [14] considered fully nonlinear heavy ion-acoustic
solitary waves in astrophysical degenerate relativistic quantum plasmas. The heavy
ion-acoustic wave, in which the inertia (the restoring force) is provided by the mass
density of the heavy ion species (the degenerate pressures of the electron and light
ion species), is described by the following one dimensional normalized equations:

Onp O(nnun) _ 0
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where the number density ng is normalized by its equilibrium value ns, heavy ion
fluid velocity uy, is normalized by the heavy ion sound speed co = (zpmec?/my)' /2,
the electrostatic potential ¢ is normalized by m.c?/e. The space z and time t are
normalized by the Debye length Ao = (mec?/4me2z,nn0)? and the plasma period

;hl = (4¢z%eznho/mh)_% of the heavy ion species, respectively. Other parameters

i—1 o1
are defined as a = z;nio/znnno, K1 = Kinly " /zimec® and Ky = K.nl§™" /mec?
By integrating the third and fourth equations over x, we obtain the number
densities (normalized) of the inertialess degenerate light ion n; and electron ne:
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< %Kl¢> %KQ(b (19)
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where ~;(7.) represents the relativistic index of the light ion (electron) species, and
Y = % will be considered for the non-relativistically degenerate light ion species for
our analysis purposes. Now, substituting (1.9) into the fifth equation, we obtain

5 e—1\7T =1\
87‘2:(1+a) (1+77K2 ¢> —a(1—1_K1 ¢> — . (1.10)

Assume that ¢ depends on a single travelling variable £ = z — Mt (where M is
Mach number, normalized by the heavy ion sound speed c¢p). By applying the
steady state condition, and imposing the appropriate boundary conditions (namely,
np — L,up — 0,¢ — 0, and % — 0 at & — +00), the plasma model equations (1.8)

are reduced to the energy integral(see [14]):

2
% (‘jﬁg) +0(¢) =0, (1.11)

where the (Sagdeev-type) pseudo-potential (see [15]) is given by

U(p) = M? {1 - (1 - iﬁ)é] + oK, {1 — (1 — z}—é(b)wl—l}

+(1+ ) K, [1 - (1+ 3;%)] .

(1.12)

Clearly, corresponding to the Hamiltonian function Ha(¢,y) = %y2 +U(p) = h, we
have the dynamical system:

dp  dy 1 ¢ \"! o\

CBiEK, Ba Ko
(1.13)

where 51 = %,52 = %%

Sultana and Schlickeiser [14] did not derived system (1.13) and did not study its
dynamics. By using the numerical method, the authors only considered the Sagdeev
potential (1.11).

3. In [13], Rufai and Bharuthram considered a homogeneous, magnetized three-
component, collisionless plasma consisting of electrons (N, T.), protons (N,,T),)
and a cold singly-charged oxygen-ion beam (IV;, T; = 0) drifting along the magnetic
field direction By = ByZ with speed vy , where N;(Tj) is the density (temperature)
of the j—th species. Satellite observations have recorded the existence of such a
beam. Waves propagate in (z, z)-plane at an angle which changes from 6y to By.
Then, the normalized fluid governing equations are given by:
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where n; is the oxygen ion density, v, v, and v, are the components of the oxygen
ion velocity along x,y, and z directions respectively, 1 is the waves electrostat-
ic potential. We may use the Boltzmann distribution for the thermal electrons
ne = exp(y) and protons n, = (1 — p)exp(—a,y). In the above equations, the
charge neutrality condition at equilibrium is given by N.o = N;g + Npo. The uses
of normalization are following: densities are normalized by the electron density N.o
, velocities are normalized by the speed Cy = (T,/m;)* (where m; is the oxygen

ion mass), distance is normalized by the ion Larmor radius p; = %, time t is
normalized by the inverse of oxygen-ion gyro-frequency Q~(Q = fnfj(;), and elec-
trostatic potential ¢ is normalized by % , Where ¢ = % Then, we have p = ]J\\;—e[‘;

and the temperature ratio o, = % This system is closed with the quasi-neutrality
condition which is valid for low-frequency phenomena, i.e. n; +n, = n.. We have

ni() = exp(¢))—(1=p) exp(—ap1)), ni()) = exp(¢))+(1=p)ay exp(—ape). (1.15)

By a localized stationary frame & = ﬁ(am + vz — Mt), where M = CK is the
Mach number, under some appropriate boundary conditions for localized solutions,
for example v, = vy, Rufai and Bharuthram [13] obtain the following “energy
integral” of an oscillating particle of unit mass with pseudo-potential S5(¢):

2

% (f;g) + S3(¢) =0, (1.16)

where
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and

Ho(1) = exp() — 1+ — (exp(—aptp) — 1). (1.20)

By examining the pseudo potential S3(¢), [13] analyzed the conditions under which
the energy integral (1.16) leads to a solitary wave solution. The author did not
consider the following dynamical system:

@ _
c[lij ! / ng (WA +B@)C" () =C(¥) (A" ($)+B’ ()] (1.21)
e — _SS('@[J) =Q3(y) = (3 () —p2 M0 (9))3 .

The system (1.21) has Hamiltonian function

%yQ + Ss(¢) = h. (1.22)

We can write that

Sa() = MGl [ LA12 (i) — p)? — (1= 72 (na () + L (na(¥))2Ho (4)

— s (Ho ()2 (0 () = 4> Ho(w)mi()|
(1.23)
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where D(v)) = n3 (1) — p2M32n)(y).

In order to finish the studies about the traveling wave solutions of system (1.1),
(1.8) and (1.14), in this paper, we use the method of dynamical system to discuss
the dynamical behaviors of systems (1.5), (1.13) and (1.21). We notice that

(i) When 0 < ¢. < 1,0 < g < 1, system (1.5) is the first class singular nonlinear
traveling wave system defined in [7] and [8], which has two singular straight lines
(b:(bsc:l%qc and¢:¢sh:m-

(ii) When 7; > 1 and v, > 1, system (1.13) is the first class singular nonlinear
traveling wave system with the singular straight line ¢ = %M 2,

(iii) When 0 < p < 1, if the function D(v)) has a unique zero ¢ = 1), then
system (1.21) is the first class singular nonlinear traveling wave system with the
singular straight line ¢ = 1.

It is very interesting that singular traveling systems have peakon, pseudo-peakon,
periodic peakon and compacton family. Periodic peakon is a classical solution with
two time scales of a singular traveling system. Peakon is a limit solution of a family
of periodic peakons, or a limit solution of a family of pseudo-peakons under two
classes of limit senses (see Li, J., et al. [9]). Compacton family is a solution family
for which all solutions ¢(€) have finite support set, i.e., the defined region of every
(&) with respect to £ is finite and the value region of ¢ is bounded. Corresponding
to different types of phase orbits, the authors gave a classification for different wave
profiles of ¢(§) in [6,7] and [8].

The theory of the singular traveling wave system developed by [7] and [8] is
very useful. We will use this theory to analyze the wave profiles of the solution
functions ¢(§) and ¥ (&) of systems (1.5), (1.13) and (1.21). We know the following
relationships between a wave profile of ¢(€) or ¥(£) and a phase orbit of these planar
dynamical systems.

(1) A smooth homoclinic orbit to a saddle point of a traveling wave system gives
rise to a smooth solitary wave solution of a PDE.

(2) A smooth heteroclinic loop connecting two saddle points of a traveling wave
system gives rise to a kink wave solution or an anti-kink wave solution of a PDE.

(3) For a homoclinic orbit, if it has a segment that completely lies in a left (or
right) small strip neighborhood of a singular straight line, then this homoclinic orbit
defines a pseudo-peakon solution of system.

(4) If there exists a curve triangle connecting saddle points and surrounding the
periodic annulus of a center of a traveling wave system, in the neighborhood of a
singular straight line (for which a segment is an edge of the triangle), then as a
limit curve of a family of periodic orbits, this curve triangle gives rise to a peakon
solution of system.

(5) For a family of periodic orbits, if each orbit of the family has a segment which
completely lies in a left (or right) small strip neighborhood of a singular straight
line, then these periodic orbits determine a family of periodic peakon solutions of
system.

(6) For a family of open orbits, when |y| — oo, if these orbits tend to a singular
straight line, then this open orbit family gives rise to a family of compactons.

(7) For a family of periodic orbits, if each periodic orbit of the family transversely
intersects a singular straight line, then this periodic orbit family gives rise to a family
of compactons.

With respect to the existence of solitary wave solutions, we have the following
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conclusion which is a theoretical and general result depending on the three param-
eter groups of three systems.

Theorem 1.1. (i) The origin O(0,0) of system (1.5) is a saddle point if and only
if

2
M>\/3”6<1+q6>+<1—6>ﬂ<1+qh>'

Under this condition, if there exists a homoclinoc orbit of system (1.5) to the origin
0(0,0), then it gives rise to a solitary wave solution or a pseudo-peakon solution of
system (1.1).

(ii) The origin O(0,0) of system (1.13) is a saddle point if and only if

1

Je-2) e (- 4)
Under this condition, if there exists a homoclinoc orbit of system (1.13) to the origin
0(0,0), then it gives rise to a solitary wave solution or a pseudo-peakon solution of
system (1.8).
(i1i) Assume that 0 < p < 1. The origin O(0,0) of system (1.21) is a saddle
point if and only if

M >

N
1+ 0ap(1—p)

p
<M< |[yvg+ | ——————— | = M;,+.
) (7 0 1+ap(1_]9)) !

Under this condition, if there exists a homoclinoc orbit of system (1.21) to the origin
0(0,0), then it gives rise to a smooth solitary wave solution of system (1.14).

Mcusp =7 (UO +

The proof of this theorem is showed in the following section 2, 3 and 4.

This paper is organized as follows. In section 2, 3 and 4, we investigate the
bifurcations of phase portraits of system (1.5), (1.13) and (1.21), and discuss the
existence of solitary wave solutions, pseudo-peakons, periodic peakons and com-
pactons as well as kink and anti-kink wave solutions of these systems.

2. Bifurcations of phase portraits and dynamical
behaviors of solutions of traveling wave system
(1.5)

In this section, we consider possible bifurcations of phase portraits of system (1.5).
To investigate the equilibrium points E;(¢;,0) of system (1.5), we need to discuss
the zeros ¢; of the function Q1(¢). Clearly, Q)1(0) = 0, thus the origin O(0,0) is
an equilibrium point of system (1.5). Because Q1(¢) depends on the six-parameter
group (8,9, 0,qc, qn, M), so it is very difficult to find other equilibrium points of
system (1.5) depending on the changes of parameters. We assume that the param-

eters g, and g¢; are rational numbers and % < q. < 1,1 < q, < 1. In this case,

3
the exponents (. = 2('{;.7%,5}1 = #Jill) are negative number. Function Q1(¢) is
defined in the interval (—oo, ¢4), where ¢g = min(¢sc, dsh, Om), dm = %(M —+/30).
For a given parameter group, we can use numerical method to find the zeros of

Q1(¢) in (=00, Pq).
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Let M(¢;,0) be the coefficient matrix of the linearized system of system (1.5)
at an equilibrium point E;(¢;,0) and J(¢;,0) = detM(¢;,0). We have J(¢;,0) =
—Q1(¢;), when M > /30,

1 1
J(0,0) = —=4(1 —=(1-6)p(1 —_—
(7 ) 2( +qC) 2( )5( +qh)+M2_3o_
By the theory of planar dynamical system (see [8]), for an equilibrium point of
a planar Hamiltonian system, if J < 0 (> 0), then the equilibrium point is a saddle
point (a center point); if J = 0 and the Poincaré index of the equilibrium point is 0,

Biran = Mo,

or = (1;2({/[;;)(3{’2%?&){1?) = B, we get J(0,0) = 0, so that the origin O(0,0) is a
cusp. When M > M, (M < M,), the origin is a saddle point (a center).
Write that h; = Hi(¢;,0), where (¢;,0) is an equilibrium point of system (1.5)

with —oo0 < ¢ < ¢g, hog = H(0,0) = 0.

For the fixed parameter values: 8 = 0.1,6 = 0.25,q. = 0.5,q;, = 0.75,0 =
0.2, by varying the parameter M, we can obtain the different graphs of function
Q1(¢). Some graphs are shown in Fig.1 (a)-(d). In these cases, system (1.5) has 4
equilibrium points. From these graphs we know that when ¢ — ¢, Q1($) = —c0.

then this equilibrium point is a cusp. When M = \/30 + 507 )+(12_5)

0.005- 0.004 0.004

0.004-
0.003
0.004-

0.003
»\0.002:
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\ 0.002 ool

0.002

-4 Y 2 N ! 1 3 2 1 1
A\oo1 0 0001

0.002
-0.002

3 -2 -1 1
2 [ 0 1 o 0.003
0 -0.004:
-0.001 -0.001 -0.004:

(a) M = 2.130053 (b) M =2.1305 (c) M = M, (d) M =2.15

Figure 1. The graphs of function Q1(¢) as M is varied. Parameter values: 8 = 0.1, = 0.25,q. =
0.5,qn, = 0.75,0 = 0.2; M = 2.133217589.

Using the above results, we have the following bifurcations of phase portraits of
traveling wave system (1.5):

For the fixed parameter values: § = 0.18,¢q. = 0.16,¢q, = 0.75, M = 2.15,0 =
0.12, by changing the parameter S, we have the following bifurcations of phase
portraits of traveling wave system (1.5):

We see from Fig.2 (c)-(j) that in the left strip neighborhood of the straight line
@ = ¢m, there exists a family of segments of the periodic orbits of system (1.5),
which is very close to the straight line ¢ = ¢,,. Along these segments of periodic
orbits, the motions of phase points are fast. In fact, by using the first equation,
for a periodic orbit in the left strip neighborhood of the straight line ¢ = ¢,,, we
obtain its period

L fdo  [trdo o [t do 6
T_%W)_/% y(¢)+/¢ y(¢)+/¢+ ) Dt Rt0E, (21

where (¢g,0) is the left intersection point of the periodic orbit and the ¢—axis,
(¢+,y+) and (éd4,y—) are the upper point and lower point of the segment of the



818 Y. Zhou, J. Song & T. Han

A=)z

(c) M =2.13
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Figure 2. The bifurcations of phase portraits of system (1.5) as M is varied. Parameter values:
B =0.1,06 =0.25,q. = 0.5,q, = 0.75, 0 = 0.2; M = 2.133217589.
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015
" 0\pos
1.0 0, 0.8 1
-0/005 o
40.015
(b) Br < B < B (c) B =Pk (d) 0< B < Bk
Figure 3. The bifurcations of phase portraits of system (1.5) as 3 is varied. Parameter values:

§=0.18,q. = 0.16,q, = 0.75, M = 2.15, 0 = 0.12; B, = 0.1814691367, B, = 0.17199909

periodic orbit near the straight line ¢ = ¢,,, respectively. Because the ¢—coordinate
is almost constant in the segment ¢4 ¢_, d¢ ~ 0, so that the third integral in the
right hand of (2.1) is O(e).

By the above discussion, we have the following conclusion:

Proposition 2.1. In the left or right strip neighborhood of a straight line ¢ = ¢,
if there exists a family of segments of the periodic orbits of a traveling system, which
s very close to the straight line ¢ = ¢,,, then this family of periodic orbits give rise
to a periodic peakon family. As a limit orbit of the periodic peakon family, the
homoclinic orbit to an equilibrium point gives rise to a pseudo-peakon solution.

By using the above result, we have the following theorem:

Theorem 2.1. There exists a parameter group (8,9, 0,4, qn) of system (1.5), such
that when the parameter M is varied, system (1.5) has the bifurcations of phase por-
traits shown in Fig.2 (a)-(1). Thus, system (1.1) has smooth solitary wave solutions,
periodic wave solutions, periodic peakons, pseudo-peakons, compacton families, as
well as kink and anti-kink wave solutions.

For example, considering the orbits in Fig.2 (g), we have

(i) Corresponding to the two homoclinic orbits of system (1.5) defined by H; (¢, y) =

0, there exist a smooth solitary wave solution (see Fig.4 (b)) and a pseudo-peakon
solution (see Fig.4 (a)) of system (1.1).

(ii) Corresponding to the homoclinic orbit of system (1.5) defined by Hy(¢,y) =
hi, there exists a pseudo-peakon solution (see Fig.4 (c)) of system (1.1).

(iii) Corresponding to the family of periodic orbits of system (1.5) defined by
Hy(¢,y) = h,h € (0,h1), there exists a family of periodic peakon solutions (see
Fig.4 (d)) of system (1.1).

(iv) Corresponding to the family of periodic orbits of system (1.5) defined by

Hy(¢,y) = h,h € (h2,0), there exists a family of smooth periodic solutions (see

Fig.4 (f)) of system (1.1).
(v) Corresponding to the family of periodic orbits of system (1.5) defined by
Hy(¢,y) = h,h € (0,hs3), there exists a family of periodic peakon solutions (see
Fig.4 (e)) of system (1.1).

We know from Fig.3 that when f is varied, the following conclusion holds:

Theorem 2.2. There exists a parameter group (M,0,0,qc.,qn) of system (1.5),
such that when the parameter ( is varied, system (1.1) has smooth solitary wave
solutions, periodic wave solutions, compacton families, as well as kink and anti-kink
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1 1
Y 300
0.8
0.6 0
o(1) 100 20p 300 400
0.4 t
02 o() !
0,
50100 200
t -1.5 -2
(a) Pseudo-peakon (b) Solitary wave (c) Pseudo-peakon
1
-400/-200 00 40
.8 t
.6
4
2
-300 -1000 100200300
(d) Periodic peakon (e) Periodic peakon (f) Smooth periodic wave

Figure 4. The wave profiles of system (1.5) corresponding to the orbits in Fig.2 (g)

wave solutions.

3. Bifurcations of phase portraits and dynamical

behaviors of solutions of traveling wave system
(1.13)

Now, We consider possible bifurcations of phase portraits of system (1.13). To
investigate the equilibrium points E;(¢;,0) of system (1.13), we need to discuss
the zeros ¢; of the function Q2(¢). Clearly, Q2(0) = 0, thus the origin O(0,0)
is an equilibrium point of system (1.13). Because Q2(¢) depends on the six-
parameter group («, 51,82, K1, Ko, M), so it is very difficult to find other equi-
librium points of system (1.13) depending on the changes of parameters. We as-
sume that the parameters y; and -y, are rational numbers such that the exponents
81 > 1 and By > 1. Function Q2(¢) is defined in the interval (—B2Ks, ¢g), where
¢q = min (ﬁlKl, %M2) , K1 > 0,K5 > 0. For a given parameter group, we can use
numerical method to find all zeros of Q2(¢) in (—B2K2, da).

Let M(¢;,0) be the coefficient matrix of the linearized system of system (1.13)
at an equilibrium point E;(¢;,0) and J(¢;,0) = detM(¢;,0). We have J(¢;,0) =
—Q5(¢;). Especially,
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When M = L = M, the origin O(0,0) is a cusp. When
Vi (=) w2 (1 45)
M > M, (M < M), the origin is a saddle point (a center).
Write that hg = H2(0,0) = 0,h; = Hz(¢1,0) where (¢1,0) is an equilibrium
point of system (1.13) with —f Ko < ¢1 < ¢g.

For a fixed parameter group (a, 81, B2, K1, K3) = (1.1, 3,4, 2,3), by varying the
parameter M, we have the following bifurcations of the phase portraits of system
(1.13):

(e)M:Mg, (f) My, < M < 2.1

(g) M =21 (h) 2.1 < M < 3.5 (i) M=35

Figure 5. The bifurcations of phase portraits of system (1.13) as M is varied. Parameter values:
a=11,v=5/3,v7 =4/3,K1 =2,Ks =3; 81 = g,BQ = 4; M, = 1.081476141

By the above discussion, we have the following conclusion for system (1.13):

Theorem 3.1. There exists a parameter group («, 81, f2K1, K2) of system (1.13),
such that when the parameter M is varied, system (1.13) has the bifurcations of
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phase portraits shown in Fig.5 (a)-(i). Thus, system (1.8) has smooth solitary wave
solutions, periodic wave solutions, periodic peakons, pseudo-peakons and compacton
families.

For example, considering the orbits in Fig.5, we have

(i) Corresponding to the two homoclinic orbits of system (1.13) defined by
Hs(¢,y) = hy and Hs(¢,y) = 0 in Fig.5 (d) and Fig.5 (f), respectively, there
exist two smooth solitary wave solutions of system (1.8) (see Fig.6 (a)).

(ii) Corresponding to the two families of periodic orbits of system (1.13) defined
by Ha(¢,y) = h,h € (ha,0) in Fig.5 (d) and Fig.5 (f), there exist two families of
smooth periodic solutions of system (1.8) (see Fig.6 (b)).

(iii) Corresponding to the two homoclinic orbits of system (1.13) defined by
Hy(¢,y) = hy and Ha(é,y) = 0 in Fig.5 (c) and Fig.5 (g), respectively, there exists
a pseudo-peakon solution of system (1.8) (see Fig.6 (c)).

(iv) Corresponding to the two families of periodic orbits of system (1.13) defined
by Ha(¢,y) = h,h € (0,hy) in Fig.5 (¢) and Fig.5 (g), there exist two families of
periodic peakon solutions of system (1.8)(see Fig.6 (d)).

(v) Corresponding to the family of orbits of system (1.5) defined by Ha(¢,y) =
h,h € (0, h3), intersecting transversely the straight line ¢ = ¢4, there exists a family
of compacton solutions of system (1.8) (see Fig.6 (e)).

2
1.5 .5
1
S

0
10 20 30 40 -20 -10 0 10 20 510152025 -30 -100 10 20 30 -10 -5 0 5 10

t t t t t

(a) (b) () (d) (e)

Figure 6. The different wave profiles of system (1.13)

4. Bifurcations of phase portraits and dynamical
behaviors of solutions of traveling wave system
(1.21)

In this section, we consider possible bifurcations of phase portraits of system (1.21).
To investigate the equilibrium points E;(1);,0) of system (1.21), we need to discuss
the zeros 1, of the function Q3(¢). Clearly, Q3(0) = 0, thus the origin O(0,0) is an
equilibrium point of system (1.21). The function Q3(¢) depending on five-parameter
group (o, v, vo, p, M) is very complicated. It is very difficult to find all equilibrium
points of system (1.21) depending on the changes of parameters. We notice that
when 0 < p < 1 and «, > 0, function n;(¢) has an unique negative zero ¥ = 4.
Therefore, the function Q3(¢) has a multiple zero ¢ = Py, 1.6, Em(¥mu, 0) is a
high-order equilibrium point of system (1.21). For a given parameter group, we can
use numerical method to find the zeros of Q3() in Y —axis.

Let M (1;,0) be the coefficient matrix of the linearized system of system (1.21)
at an equilibrium point E;(1;,0) and J(¢;,0) = detM(¢);,0). We have J(¢;,0) =
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—Q3(1h5) = S5(1h;). Specially,

_ ME(MG — M)

p
10,00 =50 = 1pae )
d d 1

M=l
! 14+ ap(1—p)

, M3 ="M
It implies that when My < My < My, i.e.,

D p
Mewsp =7 (vo+ | ———F——— | <M < [y + | ——F—— | = Miny,
5 ’Y( ’ 1+ap(1—p)> (’Y ’ 1—|—ap(1—p)) d

J(0,0) < 0, the origin O(0,0) is a saddle point. When My = My, ie, M =
Meysp, J(0,0) = 0, the origin O(0,0) is a cusp. When My = M;, ie., M = My,
for the function D(v)) = n3(y) — p>M3nl(), we have D(0) = 0, i.e., s = 0 and
limy 0 Q3(¢) = —oo0. We do not consider this case.

Write that h; = H3(v;,0), where (15, 0) is an equilibrium point of system (1.21).
Especially, we see from (1.22) and (1.23) that hg = H3(0,0) = H3(¥mwu,0) =0 =
hmul-

For the fixed parameter group (a,, 7y, p, vo) = (0.1,0.7071,0.75,0.2) given by [13],
by varying the parameter M, we have the following graphs of function Q3(1):

0. 0.3 0.3
0. 0.4
7/\ 0. 0.1 O-j
0. 12
o, 0.1
-6-5-4-3] (i} 1 2 0]
Y[ -0 ¥-0.] -04
-0 -04
~o! -0.1 -0.6
(a) 0 < M < 0.675 (b) M =0.675 (c) 0.675 < M < Mecuysp
0.4 4
Mg\ 0
1
2 - 2
-0.2 15 -10 f5 _;
y _04 v _3
-0.6
-0.8 -5
(d) M = Mcusp (e) Mcusp <M< ]V[inf (f) M > ]\/Ii'n.f

Figure 7. The graphs of function Q3() of system (1.21) as M is varied

We know that

(1) When 0 < M < 0.675, system (1.21) has four equilibrium points E;(¢1,0),
E5(12,0), E3(tmui, 0) and O(0,0) with 11 < ¢a < s < s < 0 < ty.

(2) When 0.675 < M < Mcysp, system (1.21) have six equilibrium points
FEy (1/)1, 0), EQ(’(/JQ, 0)7 Eg(d)mul, 0), E4(’(/}4, 0)7 E5(w5, 0) and O(O, 0) with ’L/Jl < ’(/JQ <
Ymul < g < 1hs <1p5 <0.
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(3) When Meysp < M < M;ny, system (1.21) have six equilibrium points
El(’t/Jl, 0)7 E2(¢2, 0), ES(wmula 0), E4(¢4, 0)7 0(07 0) and E5(w5, 0) with ¥ < ¥y <
wmul<d}4<ws<0<w5-

(4) When M > M;,f, system (1.21) have six equilibrium points E; (41, 0),
Ea(¥2,0), E3($mur,0), Es(1h,0),0(0,0) and Es(e5,0) with ¢ < v < Pmu <
g <0 < ths < 5.

Under the above parameter condition, by varying the parameter M, we have the
following bifurcations of phase portraits of traveling wave system (1.21)(the figures
(a1) — (f1) in Fig.8 are large figures, the figures (az) — (f2) are the figures near the
singular line ¥ = 1, and the origin O(0,0)):

To sum up, from the above discussion, we have the following conclusion:

Theorem 4.1. Assume that 0 < p < 1. There ezists a parameter group (cp, "y, Vo, p)
of system (1.21), such that when the parameter M is varied, system (1.21) has the
bifurcations of phase portraits shown in Fig.8 (a)-(f). Therefore, these phase orbits
can give rise to smooth solitary wave solutions, periodic wave solutions, periodic
peakons, pseudo-peakons and compacton families of system (1.14).

Specially, for any M € (0,00), M # M;,, corresponding to the homoclinic
orbit defined by Hs3(v,y) = hi, there exists a smooth solitary wave solution with
lager amplitude. Corresponding the the periodic orbit family defined by Hs(v,y) =
hyh € (he,hy), enclosing the equilibrium point Ej(t1,0), there exists a family of
smooth periodic wave solutions of system (1.14).

For two examples, we consider two phase portraits Fig.8 (a) and Fig.8 (f), and
have the following two conclusions:

Theorem 4.2. Assume that 0 < p < 1. In this case, system (1.21) has the phase
portrait Fig.8 (a) and hy < hg =0 = hyp < hy < 00, then we have

(1) Corresponding to the family of periodic orbits defined by Hz(v,y) = h,h €
(h1, ha), enclosing the equilibrium point Ey(¢1,0), system (1.14) has a family of
smooth periodic wave solutions (see Fig.9 (a)).

(2) Corresponding to the two homoclinic orbits to equilibrium point Fa(19,0) de-
fined by H3(v,y) = ha, enclosing the equilibrium points E1(11,0) and Epmul(Ymui, 0),
respectively, system (1.14) has a smooth solitay wave solution (see Fig.9 (b)) and a
pseudo-peakon solution (see Fig.9 (c)).

(8) Corresponding to the periodic orbit family defined by Hs(vw,y) = h,h €
(hmul, h2), enclosing equilibrium point Epu(Ymul,0), system (1.14) has a family of
periodic peakon solutions (see Fig.9 (e)).

(4) Corresponding to the family of periodic orbits defined by Hz(v,y) = h,h €
(ha, hm1), enclosing three equilibrium points E1(1,0), Ea(12,0) and Eu(Ymu, 0),
system (1.14) has a family of large periodic peakon solutions (see Fig.9 (f)), where
hm1 > ho s a large number.

(5) Corresponding to the family of periodic orbits defined by Hs(v,y) = h,h €
(0, hina), enclosing the equilibrium point O(0,0), system (1.14) has a family of pe-
riodic peakon solutions (see Fig.9 (g)), where hpya > 0 is a large number.

(6) Corresponding to the two families of open orbits defined by Hz(¢,y) = h,h €
(hm1,00) and h € (hma,00), respectively, transversely intersecting the singular s-
traight line v = 14, system (1.14) has two families of compacton solutions (see

Fig.9 (d), (h)).
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Figure 8. The bifurcations of phase portraits of system (1.21) as M is varied. Parameter values:

ap=0.1, y=cos §, p=0.75, v9=0.2. In this case, Mcysp =0.7462797351, M;, 5y =0.9968202790.
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Figure 9. The wave profiles of system (1.14) corresponding to the orbits in Fig.8 (a)

Theorem 4.3. Assume that 0 < p < 1 and system (1.21) has the phase portrait
Fig.8 (f). In this case, there exists siz equilibrium points. We have hy < hg =0 =
Al < hy < hs < hg < 00. Then,

(1) Corresponding to the periodic orbit family defined by Hs(v,y) = h,h €
(h1, ha), enclosing the equilibrium point Ey(¢1,0), system (1.14) has a family of
smooth periodic wave solutions (see Fig.10 (a)).

(2) Corresponding to the two lager homoclinic orbit loops to the equilibrium point
(E2(1)2,0) defined by Hs(v,y) = ha, enclosing the equilibrium points (E1(¢1,0) and
three equilibrium points Epmui(Ymui, 0), E4(14,0),0(0,0), respectively, system (1.14)
has a smooth solitay wave solution (see Fig.10 (b)) and a pseudo-peakon solution
(see Fig.10 (c)).

(3) Corresponding to the periodic orbit family defined by Hs(v,y) = h,h €
(ha, him1), enclosing five equilibrium points E1(1,0), E2(12,0), Epmui(¥Ymu, 0), O(0,0)
and E4(14,0), system (1.14) has a family of large periodic peakon solutions (see
Fig.10 (d)), where hpyy > ha is a large number.

(4) Corresponding to the two homoclinic orbits to the equilibrium point (E4(14,0)
defined by Hs(v,y) = hy,, enclosing the equilibrium points E,ui(¥mui,0) and the
origin O(0,0), respectively, system (1.14) has a smooth solitary wave solution (see
Fig.10 (f)) and a pseudo-peakon solutions (see F'ig.10 (g)).

(5) Corresponding to the periodic orbit family defined by Hs(v,y) = h,h €
(hq, ha), enclosing three equilibrium points Epui(Ymul, 0), E4(04,0) and O(0,0),
system (1.14) has a family of periodic peakon solutions (see Fig.10 (e)), where
hm1 > ho s a large number.

(6) Corresponding to the periodic orbit family defined by Hs(v,y) = h,h €
(hs, him2), enclosing the equilibrium point O(0,0), system (1.14) has a family of
periodic peakon solutions (see Fig.10 (h)), where hpya > 0 is a large number.

(7) Corresponding to two open orbit families defined by Hs(¢y,y) = h,h €
(hm1,00) and h € (hma,00), Tespectively, transversely intersecting the singular s-
traight line 1 = s, system (1.14) has two families of compacton solutions.
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Figure 10. The wave profiles of system (1.14) corresponding to the orbits in Fig.8 (f)

Similarly, considering other phase portraits in Fig.8, we can give corresponding

results about the existence of various traveling wave solutions.
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