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Abstract

We investigate the global behavior of a cubic second order difference equation

Xps1 = AXS 4 BX2Xn1 + Cxx2_y + DX2_y 4 EX2 + FxoXno1 + Gx2y + HxXy + X1 +J,
n=0,1,..., with nonnegative parameters and initial conditions. We establish the
relations for the local stability of equilibriums and the existence of period-two
solutions. We then use this result to give global behavior results for special ranges of
the parameters and determine the basins of attraction of all equilibrium points. We
give a class of examples of second order difference equations with quadratic terms
for which a discrete version of the 16th Hilbert problem does not hold. We also give
the class of second order difference equations with quadratic terms for which the
Julia set can be found explicitly and represent a planar quadratic curve.
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1 Introduction and preliminaries
In this paper we study the global dynamics of the following polynomial difference equa-

tion:
4.3 2 2 3 2 2
X1 = AX, + Bxyxyq + Cxyx,_y + D,y + EX, + FxpXxp1 + Gx,_; + Hxp + Iy + ], (1)

where the parameters A, B, C, D, E, F, G, H, I, ] are nonnegative numbers with condition
A+ B+ C+ D >0 and initial conditions x_; and x( are arbitrary nonnegative numbers.
The condition A + B+ C + D > 0 is necessary in order to avoid the quadratic case, which
was completely studied in [1]. Polynomial difference equations and corresponding maps
have been studied in both the real and the complex domain and many results have been
obtained; see [1-3]. One of the major problems in the dynamics of polynomial maps is
determining the basin of attraction of the point at co and in particular the boundary of
that basin known as the Julia set. In [1] we precisely determined the Julia set for a second
order quadratic polynomial equation, that is, (1) where A + B+ C + D = 0, and we obtained
the global dynamics in the interior of the Julia set, which includes all the point for which
solutions are not asymptotic to the point at co. It turned out that the Julia set for (1), where
A+ B+ C+ D=0, is the union of the stable manifolds of some saddle equilibrium points
or nonhyperbolic equilibrium points or period-two points. The asymptotic formulas for
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these manifolds were obtained in [4]. The advantage of our results is that these manifolds
are continuous decreasing functions of which the parametrization is simple and so their
asymptotic formulas can easily be derived by using the method of undetermined coeffi-
cients.

In this paper we restrict our attention to nonnegative initial conditions and nonnegative
parameters, which will make our results more special but also more precise and applica-
ble. Our results are based on a number of theorems which hold for monotone difference
equations, which will be described in the next section. Our principal tool is the theory of
monotone maps, and in particular cooperative maps, which guarantee the existence and
uniqueness of the stable and unstable manifolds for the fixed points and periodic points.
Our results can be extended to (1) to hold in the whole plane, whenB=C=E=F =G =0.

Remark 1 The following result is a consequence of our results in [1]: f A=B=C=D =
E=H=]=0,F=G>0 and [ <1, then (1), which reduces to the quadratic second order
difference equation

Kpsl = F(x,,x,,_l + xfl_l) +1Ix,4, n=0,1,...,
has infinitely many minimal period-two solutions, which are given by
H= {(x,y):F(x+y) +I:1,x>0,y>0}.

The curve H separates the first quadrant into two regions: the region below the curve # is
the basin of attraction of E¢(0, 0) and the region above the curve is the basin of attraction
of point at infinity. Thus, the curve H is the Julia set for (1) in this case. This result shows
that the discrete version of the 16th Hilbert problem does not hold, which is the problem if
there exists a quadratic system of difference equations in the plane with an infinite number
of periodic solutions. It is well known that in the case of quadratic systems of differential
equations the number of periodic solutions is finite; see [5, 6]. In this paper we give the
explicit formula for the Julia set for a whole class of difference equations with cubic terms.
The Julia set consists of an infinite number of period-two solutions and thus provides the
whole class of examples of the second order difference equations with the cubic terms with
an infinite number of a period-two solutions; see Theorem 17.

The rest of this section presents some results as regards monotone difference equations
in the plane. The second section presents the local stability analysis of the equilibrium
solutions. The third section describes the local stability analysis of the period-two points
in all cases. The fourth section gives the global dynamics, which includes the basins of
attraction of all equilibrium points and the period-two points. Some Mathematica outputs
are given in the Appendix.

Consider the difference equation

X1 =f X x0-1), n=0,1,..., (2)

where f is a continuous and increasing function in both variables.
Here we list some of the results that will be needed in this paper. The first result was
obtained in [7] and it was extended to the case of higher order difference equations and

systems in [8, 9].
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Theorem 1 Letf : [a,b] x [a,b] — [a,b] be a continuous function satisfying the following
properties:
(i) f(x,y) is nondecreasing in each of its arguments, i.e. x — f(x,y) is nondecreasing for
every y and y — f(x,y) is nondecreasing for every x;
(i) (2) has a unique equilibrium x € [a, D).
Then every solution of (2) converges to x.

The following result was obtained in [10].

Theorem 2 Let I C R be an interval (finite or infinite) and let f € C[I x 1,1] be a function
which increases in both variables. Then for every solution of (2) the subsequences {x2,};°,
and {xy,.1}50_; of even and odd terms of the solution do exactly one of the following:

(i) Eventually they are both monotonically increasing.

(i) Eventually they are both monotonically decreasing.

(ili) Omne of them is monotonically increasing and the other is monotonically decreasing.

As a consequence of Theorem 2 every bounded solution of (1) approaches either an
equilibrium solution or period-two solution or the singular point on the boundary and
every unbounded solution is asymptotic to the point at infinity in a monotonic way; see
[11]. Thus the major problem in the dynamics of (1) is the problem of determining the
basins of attraction of three different types of attractors: the equilibrium solutions, period-
two solution(s), and the point(s) at infinity. The following two results can be proved by
using the techniques of the proof of Theorem 11 in [12].

Theorem 3 Consider (2) where I C R is an interval (finite or infinite) and f € C[I x I,I]
is an increasing function in its arguments and assume that there is no minimal period-two
solution. Assume that Ey(x1,y1) and Ex(xy,y2) are two consecutive equilibrium points in
North-East ordering that satisfy

(%1, 91) Zne (%2, 92)

and that E, is a local attractor and E, is a saddle point or a nonhyperbolic point with
second characteristic root in the interval (-1,1), with the neighborhoods where f is strictly
increasing. Then the basin of attraction B(E;) of E; is the region below the global stable
manifold VWW*(E,). More precisely

B(El) = {(x’y) : Elyu Y <Vu (x:yu) S WS(EZ)}

The basin of attraction B(Ey) = W*(E,) is exactly the global stable manifold of E,. The
global stable manifold extends to the boundary of the domain of (2). If there exists a period-
two solution, then the end points of the global stable manifold are exactly the period-two
solution.

Also, we will use the following theorem from [12].

Theorem 4 Counsider (2) where I C R is an interval (finite or infinite) and f € C[I x I,I]
is an increasing function in its arguments and assume that there is no minimal period-two



Bektesevi¢ et al. Advances in Difference Equations (2015) 2015:176

Page 4 of 38

solution. Assume that Ey(x1,y1), E2(x2,¥2), and E3(x3,,) are three consecutive equilibrium

points in North-East ordering that satisfy

(1, 91) Zne (%2,92) <pe (X3,%3)

and that E, and Es are saddle points with the neighborhoods where f is strictly increasing,
and E, is a local attractor. Then the basin of attraction B(E,) of E; is the region between
the global stable manifolds VW*(E1) and WW*(Es). More precisely

B(E2) = {(,) : 3y ¥ : 31 < ¥ < Y (5, 71) € WH(EL, (%, 70) € W¥(E3)}.

The basins of attraction B(Ey) = W*(E1) and B(E1) = W*(E1) are exactly the global stable

manifolds of Ey and Es.

The following result gives the necessary and sufficient condition for the local stability of

(2) when f is nondecreasing in all its arguments; see [13].

Theorem 5 Let

Zn+l = P0Zn + P12p-1, N = 0,1,...,

3)

be the standard linearization about the equilibrium x of (2) where p; = 3f [0x,_;(%,%) > 0,
i =0,1. Then the equilibrium x of (2) is one of the following:

(@) locally asymptotically stable if po + p1 < 1,

(b) monhyperbolic and locally stable if po + p1 =1,

(c) unstable if po + p1 > 1.

Let fi(%) := apx” + @y 12" L + - - + ayx + ag and g1 (x) := by X™ + by 1x™ L + - + bix + bo be
two polynomials of degrees n and m, respectively. Their resultant (see [14—-16]) Res(f1,g1)

is the determinant of the (m + n) x (m + n) Sylvester matrix given by

a, an-1 . a ay
0 a ay1 - a
0 a, du_1 Gu_>
el =1, by ho
m m-1 e 1
0 bm bn—l e bl
0 0 bm bm—l

The following theorem is from [14].

do 0

ay ao
by -~ 0
by - by

Theorem 6 Assume that fi,g1 € Rlx] and n,m > 1. Then the following hold:

(i) The discriminant of f; is given by

1
Dis(f;) = (_1)"("-”/2“— Res(fi,f;)
n
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and

Dis(fi - @) = Dis(fl)Dis(gl)Res(fl,gl)z,

where f{ is the derivative of f;.
(ii) Dis(fi) =0 < fi has a double root in C: Equivalently, fi has n distinct roots in C if
and only if the discriminant is # 0.

For two bivariate polynomials f,g € R[x, y], Theorem 7 in [14, 15] holds.

Theorem 7 Let f(x,7),2(x,y) € R(x, y] where
fy) =Y fiwy and glxy) = gy,
i=0 i=0

and let r(x) = Res,(f,g) € R[x] be the resultant of f and g with respect to the variable y.
Then:
(a) f and g have a nontrivial common factor if and only if r is identically zero.
(b) Iff and g are co-prime (do not have a common factor), the following conditions are
equivalent:
e weCisarootofr.
o fula) = gu(e) = 0 or thereis B € Cwith f(a, 8) =0 =g(, 8) = 0.
(c) Forall (a,B) € Cx C:iff(a,8) =0=g(,8) =0, then r(a) = 0.

We list some results when solution {x,,} of (1) tends to the point at infinity in a monotonic
way.

Theorem 8 [fH + I > 1, then every solution {x,} of (1) satisfies lim,,_, oo %, = 00.

Proof If {x,} is a solution of (1), then {x,} satisfies the inequality
Xpe1 > Hxy +Ix,y, n=0,1,...,

which in view of the result on difference inequalities, see Theorem 1.4.1 in [17], implies
that x,, > y,, n > 1, where {y,} is a solution of the initial value problem

Y1 = Hyy + Iy, ya=x7 and yo=x0 n=0,1,....

Consequently,
1
Xy > Yy = ———|(Ix_1 + doxo) A5 + (Ax_q + Ixg)AY|, n=1,2,...,
S vl 2 ]
where

H+VH?+41

5 and A;<Ay; and Ay>1,

Al =

which implies lim,,—, o %, = 00. O
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Theorem 9 If] > 1, then every solution {x,} of (1) satisfies lim,_, o x,, = 00.

Proof Let/>1andsetA+B+C+D+E+F+G+H+1=a>0.If {x,} is a solution of (1),
then x,, > J for n > 1, and by using the fact that the function

f(x,y) =Ax® + Bx*y + Cxy* + Dy* + Ex* + Fxy + Gy* + Hx + Iy + ]
is increasing in both variables we obtain the following result:

fa.)) = (A+B+C+D)P+(E+F+G)PP+H+D] +]
>A+B+C+D)J+(E+F+GQ)J+H+ID]+]

=(A+B+C+D+E+F+G+H+I1+1)J=01+a)]

and

x3 = f(x2,21) > f(,]) = (L + )],
xq =f(x3,%2) >f(J,]) = 1+ )],
x5 = f(xa,%3) > f((L+ )], A+ @)]) = 1+ )/,
%6 =f(x5,%4) > f(L+ )], A+ )]) > (1 + )/,

Continuing in this way we obtain
X1 > 1+ )] and K940 > (1 +a)?] forallm>0,

which implies x;,,,; — 00 and x,,3 —> 0. O

Theorem 10 IfA+B+C+D+E+F+G+H+I1>1o0orJ>0andA+B+C+D+E+F+
G+ H +1 > 1, then the box [1,00)? is a part of the basin of attraction of the point at infinity
of (1).

Proof Set

A+B+C+D+E+F+G+H+I=k>1
and

f(x,y) = Ax® + Bx*y + Cxy* + Dy® + Ex* + Fxy + Gy* + Hx + Iy + . (4)
Clearly, the function f(x, ) is increasing in both variables. If x, y € [1, 00), then

f,x)=(A+B+C+D)x’> + E+F+G)x* + (H+D)x+]
>A+B+C+D)x+(E+F+GQux+H+Dx+]

=kx+].
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Since the initial conditions x_1,x¢ € [1, 00),

%1 =f(xo,%.1) = fA,1) =k +],

%2 = fx1,%0) 2 f(L1) =k +],

x3=f(0,01) = fk+ ],k +]) = k(k+]) +] =k* + K] +],

xg = f(x3,50) > flk+ ],k +]) > k> + k] +],

x5 = f(%a,%3) = f (K> + K + ], K> + K +]) = k(K> + K] +]) +J = k> + K] + K +],
x6 =f(x5,48) = f (K> + K + K> + K +]) = k(K> + K +]) + ] = k> + K*J + k] + .

An immediate application of mathematical induction yields

Kop1 = K"+ (k”’1 Ty 1)/,

Xop > K"+ (K4 K2 4 4 1)

forallm > 1.Ifk > 1, then k" — oo and if k = 1 then k"1 + k"2 + - -- +1 — 00. In both cases

we get x;,1 — 00 and xy, — 00. O

Theorem 11 If (H + I — 1)> < 4J(E + F + G), then every solution {x,} of (1) satisfies

lim,, 5 %, = 0.
Proof If {x,} is a solution of (1), then {x,} satisfies the inequality
Kpel = Exi + Fxyx,_1 + Gxﬁ_1 +Hx, +1Ix,1+], n=0,1,...

which in view of the result on difference inequalities, see Theorem 1.4.1 in [17], implies

that x,, > y,, n > 1 where {y,} is a solution of the initial value problem

Vst = BV + it + Gyo_y + Hyy + Iy +, o

ya1=x7 and yo=x9, n=0,1,....
Equation (5) has no equilibrium solutions if and only if
(H+1-1)?<4J(E+F +G).

In view of the results for (5) in [1], see Lemma 2, there is no prime period-two solution
when (H +1-1)? <4J(E+F +G) or E> G or H +1 > 1. So if there is no equilibrium point
and there is no prime period-two solution of (5), then every solution {y,} of (5) satisfies
lim,,—, & ¥ = 00, which implies lim,,_, o, x,, = 00. O

Remark 2 Theorems 8, 9, 10, and 11 describe the parametric region which is the part of
the basin of attraction of the point at co called the escape region. The remaining part of
the escape region will be described more precisely in the next sections. We will precisely
describe the boundary of the escape region in all situations when the equilibrium points
and period-two points are hyperbolic. In particular, we will describe the manifold that
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solutions will be following on their way to co. In general, it is clear from the proof of
Theorem 11 that the escape region of (5) is a subset of the escape region of (1). In the
subsequent sections we will consider global dynamics of (5) in the complement of the

parametric region described by Theorems 8, 9, 10, and 11.

2 Local stability analysis of equilibrium solutions
The equilibrium solutions of (1) are the nonnegative solutions of the equation

A+B+C+D)X +(E+F+G)x +(H+I-1)x+J=0. (6)
Define the function g(x) such that

g(x):(A+B+C+D)x3+(E+F+G)x2+(H+I—1)x+], (7)
so the nonnegative solutions of g(x) = 0 are the nonnegative equilibrium solutions of (1).

2.1 ThecaseJ>0
Since g(—o0) = —oo and g(0) = J > 0, we always have one negative root, which means that
there are at most two nonnegonnegative equilibrium solutions. The first derivative of g(x)

is
Z@®)=3(A+B+C+D)x*+2(E+F+G)x+(H+I1-1). (8)
Denote by A the discriminant of quadratic equation g’(x) = 0, that is,
A=4(E+F+G)?-12(A+B+C+D)H+1-1). 9)
We have:
(i) If A <0, then g'(x) > O for all x and the function g(x) is monotonically increasing,

which implies that there is no nonnegative root of g(x) = 0.
(ii) If A = 0, then

(E+F+G)?
H+I-1=————>0.
3(A+B+C+D)
Thus, g(x) > 0 for all x > 0, which implies that (6) has no positive solutions.
(iii) If A > 0, then for the roots x;5 = % (%1 < x2) of g'(x) = 0 we get the fol-
lowing:
2 E+F+G
X1+ Xy = )

- <
3A+B+C+D "~

which means that at least x; is negative, and

1 H+I-1

- - 1
3A+B+C+D 10)

X1Xp =

From (10) we see that the following statements hold:
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« If H+1 >1, then (6) has no positive solutions.
o« If H+1=1,thenx, =0 and g(x) > g(x;) =] > 0 so there is no positive solution of
glx)=0.
o« IfH+1<1,thenx;>0,g (x) <0 for x € (x1,x7) so g(x1) >g(0) =] > g(xy) and:
(a) If g(x2) € (0,]) there is no positive solution of g(x) = 0.
(b) If g(x,) = O there is one positive solution x = x, of g(x) = 0. This case is possible, for
example when the values of parameters are

1 4 1
A+B+C+D=1, E+F+G=—, H+I1=—, J=—.
3 9 9
(c) If g(x2) < O there are two positive solutions ¥; € (0,x;) and %, € (xy, +00) of g(x) = 0.
The calculation of g(x,) gives

g0x) = 3¢ () + Z[(E+F+ G+ 2H +1-1)] +]

and
X2, X2
glxo) = gg(x2)+ E[(E+F+ G)x2+2(H+I—1)] +]
= %[(E+F+G)x%+(H+1—1)x2] +].

After a straightforward calculation we get

$5(283 —98153) — 2/(5% — 35:53)3
g(xy) = 2757 +],

where
S$=A+B+C+D>0, S=E+F+G=>0, S3=H+I1-1<0.
Also, a straightforward calculation yields

$,(282 —95,53) - 2,/ (82 - 35,55)* < 0.

2.2 ThecaseJ=0

In this case (6) becomes
X[(A+B+C+D* +(E+F+Gx+(H+I1-1)]=0, (11)
so we always have the zero equilibrium. Denote by A discriminant of quadratic equation
(A+B+C+D)X* +(E+F+Gx+(H+1-1)=0, (12)
that is

Ao=(E+F+G)?-4(A+B+C+D)(H+I-1). (13)
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The following statements are immediate:
(i) If Ag < O, then the zero equilibrium is the only equilibrium.
(ii) If Ag = 0, then a solution of the quadratic equation (12) is given by

_ E+F+G

Xemeor————————.
2(A+B+C+D)

If E+ F + G > 0 there is no positive solution. E + F + G = 0 implies H + I = 1, and again the

zero equilibrium is the only equilibrium.

(iii) If Ag > 0, then for equilibriums ¥; 5 = % b)A" (%1 < x,) we have x; < 0 and
_ H+I-1
Xxy= —— .
e A+B+C+D

Now, we see that the following statements hold:

(a) If H +1>1, then (12) has no positive solutions.

(b) If H +1 =1, then X, = 0, and there is no positive equilibrium solutions.

() If H +1 <1, then the only positive equilibrium solution is %;.

The equilibrium solutions x of (1) satisfy the cubic equation (6). This immediately shows
that there exists a zero equilibrium x = 0 if and only if / = 0. The linearized equation at the

zero equilibrium is
Zns1 = Hzy + 1z, (14)

In view of Theorem 5 and the local stability theorem from [7] we obtain the following

result on the local stability of the zero equilibrium.

Proposition 1 The zero equilibrium of (1) is one of the following:
(a) locally asymptotically stable if H +I <1,
(b) monhyperbolic and locally stable if H + I =1,
(c) unstableif H+1>1,
(d) a saddle point if H > |I - 1],
(e) arepellerifl—I<H<I-1.

A necessary condition for the existence of the positive equilibrium(s) is H + I <1. The

linearized equation at the positive equilibrium solutions ¥ is
Zp+l = PZn + 4Zp-1, (15)
where

p=BA+2B+C)x* +(2E+F)x+H,

g=(B+2C+3D)x* + (F+2G)% +1,
and

p+q=3A+B+C+D)* +2(E+F+G)x+(H+1I).
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Now,
p+qg=gx) +1,

where g(x) is given by (7). Let x; and x5 (%1 < 47) be the roots of g'(x) = 0. By applying
Theorem 5 and the local stability theorem from [7] we obtain the following result on the
local stability of the positive equilibrium(s).

Proposition 2 The positive equilibrium solution of (1) is one of the following:
(@) locally asymptotically stable if p + q < 1,
(b) nonhyperbolic and locally stable if p + q = 1,
(c) unstableifp+q>1,
(d) asaddle point ifp > |q - 1],
(e) arepellerifl—-g<p<q-1.

The next theorems will describe the local stability for the positive equilibrium(s) in more
detail.

Theorem 12 Let ] € (0,00) and H + I < 1, then:

(a) Ifg(x2) <O, then there are two positive equilibrium solutions x; € (0,x,) and
Xy € (%2, +00) of (1). Furthermore, %, is locally asymptotically stable and x, is
unstable.

(b) Ifg(x2) = 0, then there is one positive equilibrium solution x = x,, which is
nonhyperbolic and locally stable.

Proof
(a) When x € (0,x,), then g'(x) < 0, and for x; € (0,x;) we get

p+rq=gx)+1<1,

so by applying Theorem 5 we see that x; is locally asymptotically stable. When x € (x5, +00)
then g’(x) > 0, and for x; € (x,, +00) we get

p+q=g(x)+1>1,

so by applying Theorem 5 we see that ¥, is unstable. By using the Proposition 2 we obtain
the following result:

+ X%y is a saddle pointifg—p <1,

o Xy isarepellerifqg—p>1.

It remains to determine g — p for equilibrium x;:

q-p=[3(D-A)+(C-B)|x; +2(G-E)x, +1-H.
(b) In this case we have
p+rq=g®+1=g(x)+1=1,

and Theorem 5 implies that ¥; is nonhyperbolic and locally stable. O
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Theorem 13 If] = 0and H+1 < 1and A isgiven by (13), then the only positive equilibrium

- —(E+F+G)+Ag
"7 2(4+B+C+D)

of (1) is unstable.

Proof Inthis case (1) has three equilibrium solutions x_ € (—00,x;),% = 0,and x, € (x3, 00),

where x; and %, (x1 < %) are the roots of g’(x) = 0. Now we have

p+q=3A+B+C+D)x* +2(E+F+G)x, + (H+1)
=gx)+1>1,
so by applying Theorem 5 we see that x, is unstable. By using Proposition 2 we obtain the
following result:
+ %, is saddle pointif g — p < 1;
o %, isrepellerifg—p>1.
It remains to determine g — p for equilibrium x,:
q-p=[3D-A)+(C-B)]% +2(G-E)x, +1-H. O
Example 1 It has been shown in [12] that the difference equation

3 3
KXnel =X, X, 1

has one positive equilibrium x, = g, which is a saddle point. The difference equation

1
3 2 2 3
Xp1 = Ax,, + Bxyx,_1 + Cxux,_ + Dx,_ | + gxn + gxn_l

such that D > 54 + 3B + C has one positive equilibrium x, = m. As
3(D-A)+(C-B) 1 D-5A-3B-C
q-p= +—=——+1>1,
4A+B+C+D) 2 4A+B+C+D)
the positive equilibrium is a repeller.
3 Local stability of period-two solutions
Period-two solutions ..., ®, ¥, ®, P, ... satisfy the system:
O =AV3 + BOW? + CO?W + DP3 + EV2 + FOW + GO? + HY + 1D +], (16)
U =AP> + BO?W + COW2 + DU3 + EP? + FOU + GU2 + HD + W +]. (17)

It is clear that if there is a period-two solution it hastobe I < 1. Also,for H+I>1orJ >1
or (H +1-1)? <4J(E + F + G) we have seen that x,, — 0o (see Theorems 8, 9, 10, and 11) so
interesting dynamics for our system happens in the parametric region H +7 <1,/ <1and
(H +1-1)* > 4J(E + F + G), which will be our main objective in the sequel. As the system
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(16), (17) is symmetric, which means that if (®, ¥) is a solution of the system (16), (17), then
also (W, @) is a solution of the system (16), (17); then we assume without a loss of generality
that 0 < ® < W. By subtracting (16) and (17), and using the fact that W — ® > 0, we get

(D-A)®+V)2+(A-B+C—D)dW + (G-E)(D+W)+[-H-1=0. (18)
By summing (16) and (17) we get
(A+D)(® + V)>+(B+C —3A -3D)dU(® + U)+(E + G)(D + W)?
+2F—E-G)OW+(H +1-1)(d + W) +2/ = 0. (19)
Ifweset ® + W =x>0and ®W¥ =y > 0, then (18) and (19) yields another system
(D-A)x*+(G-Ex+(A-B+C-D)y+I-H=1, (20)

A+D)x*+(E+Gx*+(B+C—-3A-3D)xy+ (H+1—-1)x
y

+2(F-E-G)y+2J =0. (21)
One can see that the special cases when the period-two solutions do not exist are
H+I>1
or
D<A and A+C<B+D(orC+D<A+B) and G<E.

This immediately leads to the following result.

Theorem 14 Let D<A, A+C<B+D(orC+D<A+B),G<E,Je(0,1),and H +1<1.
If A <0or A>0andg(x) €(0,]), then every solution {x,} of (1) satisfies lim,_, o x,, = 00.
Here g(x) and A are defined by (7) and (9), respectively, and x, is the greater root of equation
gx)=0.

Proof SinceH+1<1,D<A,A+C<B+D(orC+D <A+B),and G < E, we see that (18)
implies that the period-two solutions do not exist. If A < 0 or A >0 and g(x;) € (0,]), then
there is no positive solution of g(x) = 0, so there are no positive equilibriums of (1). As a
consequence of Theorem 2 every bounded solution of (1) approaches either an equilibrium
solution or a period-two solution and every unbounded solution is asymptotic to the point
at infinity in a monotonic way. Hence, every solution {x,} of (1) satisfies lim,_, - x,, = 00.

O

Remark 3 If D<A, A+ C<B+D (= C<B), G <E, then a period-two solution does
not exist, so if there exists an unstable positive equilibrium of (1) we obtain

q-p-1=[3(D-A)+(C-B)]x> +2G-E)x, +1-H-1<0,

which implies that the positive equilibrium is a saddle point. In this case a global result
follows from Theorem 3.
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Set
U,=%,1 and v,=x, n=0,1,...
and write (1) in the equivalent form:

Un+l = Vs

Vsl = Avi’l + vilu,, + Cvnufl + Dufl + Evfl + Fv,u, + Gufl +Hv, +1Iu, +J.

Let the function f (1, v) be defined by (4) and let T be a map on [0, 00) x [0, c0) defined by
T(u,v) = (v,f(v,u)), that is,

T(u,v) = (1/,Av3 +Bu* + Cuv+Du® + V2 + Fuv+ Gu? + Hv + lu +]). (22)

Then (®, ¥) is a fixed point of T2, the second iterate of T'. It is clear that if (®, ¥) is a fixed
point of T2, then (¥, ®) is also a fixed point of T2. Furthermore,

T*(u,v) = (g(w,v), h(u,v)), (23)

where

g(u, V) :f(V; L{),
h(u,v) =f (f (v, u),v) = f(g(u, ), v).

The period-two solution is locally asymptotically stable if the eigenvalues of the Jacobian

matrix /72, evaluated at (®, W), lie inside the unit disk. By definition

2(@,W) E(@,Wv)
| 3 av
Jr2(®, W) = (%(eb,w) (@, w))

By computing the partial derivatives of g and 4 and by using the fact that g(®, V) =
f(W, ®) = &, we find the following identities:

=8—g(c1>,\y)_ f(qr @) = BU? + 2CPW + 3DP? + FU +2GD +1,
ou (24)
b:%(CD,\IJ) 8f(\11 ®) = 3AW? + 2BOW + CP? + 2EV + FP + H,
and

oy~ L 8 gy S oy Lo
£(c1>,L11)_ % 3 d,W) = 8u(g(<b,\ll),\ll) 8v(\y,ab) (<I> \11) (\11 ),

oh af 9

(@) - V%R ), f(@\v) f((cW)\v) f(\w) f(N)

12 dg v

- T oL w,0)+ L0,

Page 14 of 38



Bektesevi¢ et al. Advances in Difference Equations (2015) 2015:176 Page 15 of 38

where

9
c= 8—f(<1>,xp) =3AD? + 2BOW + CW? + 2ED + FV + H,
u

9
d= al(cp,xp) =B®? +2CPW + 3DW? + F® + 2GV + 1.
14

(25)

Set

3 ah
S = tt)p(d, W) = Z (@, W) + (b, W)
ou av

=a+bc+d=>0

and

3 oh 9 o
D = detJp2 (0, W) = ﬁ(@,\y)a@,w - %(@,m)a(qw)

=a(ch +d)—b(ca) =ad > 0.

By applying the linearized stability theorem, the period-two solution (&, ¥) is locally
asymptotically stable if |S| <1+ D and D < 1, that s,

S<1+D & a+bc+d<l+ad << be<(a-1)(d-1) (26)
and
D<1 & ad<l, (27)

which implies the following lemma.

Lemma 1 The eigenvalues of the Jacobian matrix of ]2 at a period-two solution are non-

negative numbers.

In order to solve system of equations (20) and (21), we consider two different cases.
(i) If A + C = B + D, then (20) becomes the quadratic equation

(D-A)x*+(G-Ex+I-H-1=0. (28)

If D<A and G < E, then the period-two solutions do not exist, so at least one of the

following inequalities is true:
D>A or G>E

Also, H + I <1 implies I — H —1 < -2H < 0. The solutions of the quadratic equation (28)

are given by

E-G+,/(E-G?-4(D-A)(I-H-1)
2(D - A) ’

X1,2 =
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(@ IfD>A,then (D-A)I-H-1)<0and

_E-G+/(E-G?-4(D-A)(I-H-1)
*= 2D-A)

is the only positive solution of (28).
(b) If D < A, then (28) can be written as

A-D)x*+(E-Gx+H-I1+1=0.
——— N——

positive positive

It is clear that E < G. As

G-E H-I1+1
>0 and X +xy=———>0,
A-D A-D

X1X2 =

when (E—-G)? > 4(A—D)(H -1 +1) we have two positive solutions given by (29). If (E- G)? =
4(A - D)(H — I + 1), then we have one positive solution
G-E

X=—T_.

2(A-D)

(c) If D = A, then B = C, and (28) becomes the linear equation
(G=Ex+I-H-1=0.

IfG=E,then]=H+1=1>1.Case H=0and =1implies/ = 0, so (16) and (17) become
the same equation,

A(P? +U?) + BOW(D + W) + E(D> + W?) + FOW =0,

which is impossible for positive &, W. For positive parameter H we have H +1 >2H +1> 1,
so there is no minimal period-two solution. If G # E, then
positive
—_
H-1+1
xX=—,
G-E
in which case we get G > E.
In all the above cases, when 2(E + G- F) + BA +3D - B - C)x #0, y is given by

(A+DXP+(E+ G+ (H+1-1)x+2]

20E+G-F)+(B3A+3D-B-C)x (30)

(ii) If A + C # B + D, then (20) gives

(D-Ax*+(G-E)x+I-H-1
- B+D-A-C

and, finally, from (21) we get the following cubic equation:

Kix® + Kox® + Kax + Ky = 0, (31)
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where

K, = A(C - A) + D(D - B),
K, =CE-D(E+F-2G)-BG+A(-2E+F +G),
Ki=-D+(E-G)E-F+G)-CH+2DH+A(2+H -2I)+B(-1+1)- DI,

Ki=(F-E-G-H-1)+J(A-B+C-D).

Remark 4 Equation (31) shows that (1) can have at most three period-two solutions.
Lemma 3 gives an upper bound of the number of period-two solutions of equation (1)
in some special cases. Equation (31) can be solved but its solutions are very complicated
and would depend on 10 parameters. In the remaining part of the paper we will work un-
der the assumptions that (1) has between zero and three period-two solutions and we will
present the global dynamics in all possible cases. In particular, Theorem 20 describes a
global dynamics in the case when (1) has one or three period-two solutions, while Theo-
rem 21 gives a global dynamics in the case when (1) has zero or two period-two solutions.
The existence of at least one period-two solution is guaranteed by Theorem 19.

4 Global behavior

In this section we present the global dynamics of (1) in different parametric regions.

4.1 The case that there exists a minimal period-two solution on the coordinate
axes (P =0and ¥ > 0)

In this section we consider the special case when ® = 0 and W > 0. Equation (16) implies
AV? +EV? + HY +] = 0.

Since ¥ > 0, we get A = E = H =] = 0. Now, from (17) we obtain

DV?+GU +1-1=0. (32)

If I =1, then we must have D= G =0 and ¥ € R*. If ] < 1, then W is a positive solution
of (4), that is,

v -G ++/G2+4D(1-1)
B 2D ‘

Also, if D=0 and I <1, then

1-1
v=—,
G
4.1.1 ThecaseeA=D=E=G=H=]=0,1=1
IfA=D=E=G=H=]=0and [ =1, then (®, V) = (0,£) where ¢t € R* is a period-two
solution of the difference equation

K1 = Ba2xy g + Cxux | + FXudy 1 + %1 (33)
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All other minimal period-two solutions (®, W) are solutions of the system

(BY? + COV + F¥ +1)d,

o =
V= (BO*+ COV + FP +1)W.

One can show that this system has no other positive solutions except (®, V) = (0, £) where
a=B*!+Ft+1, b=0, c¢=C*+F, d=1

Since bc = (a—1)(d —1) or S =1+ D, the period-two solution is nonhyperbolic. The global
behavior of this equation is described in Section 8 and, in this case, every solution goes to
infinity.

4.1.2 Thecase:A=E=H=]=0andI<1

IfA=E=H=]=0and <1, then (®,¥) = (0, ~Gry/ G +4DA-D) v622,5'413(1_1)) is the period-two solution

of the difference equation
Xpsl = Bxf,xn_l + Cx,,xf,_l + Dxf,_1 + Fx,x,_1 + fo,_l + Ix,1. (34)
All other minimal period-two solutions (®, ¥) are solutions of the system

® = (BY? + COW + DP*> + F¥ + G +1) D,
¥ = (BO* + COV + DW? + FO + G + ).
Since H +1 <1, there are locally stable zero equilibrium and positive unstable equilibrium.

Itis useful to note thatif B= D and F = G, then (®, ¥) = (0, By FaBi-h ‘F;;LM) is also a solution
of the equation

B(®*+W?) + COV + F(®+ W) +1-1=0.
In this case every point on the curve
B(x*+y*) + Cxy+ F(x +y) +1-1=0 (35)

is a period-two solution of (34) except the equilibrium point (x,,x,).
One can see that for (®, ¥) = (0, ~Gry/ G ADAD VG;DMM)

a=BV?+FV +], b=0, c=CV2+FV, d=3DW? +2GV + 1.
Now, we have

(a-1)d-1)= (BY* + F¥ +1-1)(3DW* +2G¥ + - 1)

= (BY? + FU +1-1)(DV* + GV +1 -1+ 2DV + GV)
=0

(BY? + FU +1-1)(2D¥ + G)

(BY? + F¥ +1-1)y/G? +4D(1 - 1)

=y
=y
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and

ad = (BY? + FU +1)(3D¥? + 2GW¥ +1)

= (BU? + FW +1)(DW> + GV + 1 -1+ 2DV’ + G¥ +1)
=0

(BY? + FU +1)(V(2DV + G) +1)

= (BY?+FV +1)(Vy/G* +4D(1-1) +1).
Thus

S-D-1=-(a-1)(d-1)

= -W(BY? + FV +1-1)y/G? + 4D(1 - I).

After some calculation we find

2D ~I)(B-D) + (FD - BG)(-G + \/G% + 4D(1 - I))

BUY?2+FU +[-1=
2D?

and for the positive equilibrium x, we obtain

q-p-1=[3D+(C-B)]% +2Gx, +1-1
=(B+C+D)x*+(F+G)x, +1-1+2(D-B)x* + (G- F)x,

=0

= %, (2(B-D)x, + (F - G)).

« Itis clear that if BW? + FW + I > 1, then (a 1) d-1)>0=bcandad>1orS<1+D
and D > 1, which implies (&, ¥) = (0, ———— G +4D a) ) is a repeller. For example, if
B=Dand F>GorB>DandF =G, then q p 1 < 0, which implies that the positive
equilibrium ¥, is a saddle point.

« In the case when BW? + FW + [ =1, then (a — 1)(d 1)=0=bcor S =1+ D, which

+4/ G2 +4D(1 )

point. A special case when this holds is B=D and G = F. In this case every point on

implies that the period-two solution (®, ¥) = (0, = ) is a nonhyperbolic
the curve (35) is a period-two solution of (34), except the equilibrium point, Since
q - p —1=0, the positive equilibrium ¥, is a nonhyperbolic point. Also, the points

(CD,III): {(0 «/F +4B —1) (—F+~/F +4B(1-1)

the first quadrant.

o IfBY? + FU +1<1,then (a—-1)(d-1) <0 =bcor S >1+ D, which implies that the
G2+4Dl 1)

,0)} are the endpoints of the curve (35) in

period-two solution (&, W) = ) is a saddle point. That is true for
exampleif B=Dand F<GorB>D and F = G, then g — p — 1 > 0, which implies that
the positive equilibrium X, is a repeller.

One can prove that if B=D, F # G or F = G, B # D the map T has no other minimal

—G+4/ G2+4D(1-1)

period-two solutions except (®, ¥) = (0, D

) This leads to the following result.

Theorem 15 Let A=E=H =] =0and <1, D >0, then (34) has locally stable zero equi-
librium and the positive equilibrium x.,. The following statements hold.:
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B(E)

08

Figure 1 Visual illustration of Theorems 15 and 16.

(@) If B=D, F <G or B> D, F =G, then the positive equilibrium x, is a repeller and
there exists the period-two solution which is a saddle point. In this case there exist four
continuous curves YW (Py), W¥(P,), W*(P,), and W*(P,), with P, = (®, V) and P, = (¥, ®),
where W*(P1) and W*(P,) are passing through the point E, = (x,,%,) and they are graphs of
decreasing functions. The curves W*(Py) and W"(P,) are the graphs of increasing functions
which are starting at Ey (0, 0). Every solution {x,} which starts below W*(P;) UW*(P,) in the
North-East ordering converges to Ey and every solution {x,} which starts above W*(P;) U
WH(P,) in the North-East ordering satisfies lim,,_, o, X, = 00. (See Figure 1(a).)

(b)IfB=D, F>GorB>D,F =G, then the positive equilibrium x, is a saddle point and
there exists the period-two solution which is a repeller. Global behavior of (34) is described
by Theorem 3 where we set E1(0,0) and E;(x,,%,). (See Figure 1(b).)

(¢) If B=D and F = G, then every point on the curve (35), which is passing through the
equilibrium E = (x,,%,), is a period-two solution of (34) except point E. Period-two solu-
tions and the positive equilibrium x, are nonhyperbolic points, while the zero equilibrium
is locally stable. The curve (35) divides the first quadrant into two regions. The region below
(35) in the first quadrant is a basin of attraction of the zero equilibrium and the region above
the (35) in the first quadrant is a basin of attraction of point at infinity. (See Figure 1(c).)

Proof

(a) The existence of four curves W*(Py), W5(P,), W*(P;), and W*(P,) with the described
properties is guaranteed by Theorems 1 and 4 of [18] applied to the map T? given by (23).
The global result follows from Theorem 3.

(b) All conditions of Theorem 3 are satisfied, which implies the proof.

(c) It was already noticed that every point on the curve (35) is a nonhyperbolic period-

two solution of (34) and points

{(o —F+~/F2+4B(1—1)) (—F+‘/F2+4B(1—I) 0)}

2B 2B

are the endpoints of (35) in the first quadrant. It is also known that the positive equilibrium
x, is a nonhyperbolic point. This implies that the curve (35) which is passing through the
point E = (x,,%,) is not a global stable manifold. Since the curve (35) is the boundary of
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the basin of attraction of the points at infinity, it is a Julia set. Let ) denote the matrix

B ¢
5 B

Then 4 det) = 4B%> — C? and by the well-known result as regards the identification of the
quadratic curves, we obtain the following statements:

« ifdetV >0 < 2B > C, then U is either an ellipse or a circle if C =0,

« ifdetV <0 < 2B < C, then U is a hyperbole,

« ifdetV =0 < 2B = C, then U is union of two parallel lines.

We avoid the cases when U/ is one point set or empty set. As a consequence of / <1 and
the fact that the curve (35) has endpoints in the first quadrant we conclude that the point
(0,0) is always below the curve (35). It remains to describe global behavior of (34) when
B =D and F = G. If an initial point (x_;, %) is below the curve (35), then

B(x(z) + x%]) + Cxox_1 + F(xg +x_1) +I < 1.
As %41 = (B2 + a2 ) + Cxpxyg + F(xy + %,,1) + 1,1, then

X1 = (B(x(z) + x%l) + Cxox_q + F(xo +x_1) + I)x_l <X_1,

1l
—_

X% (B xf +x§) + Cx1x0 + F(x1 + x0) +1)x0

< (B(x%1 + xé) + Cx_1x9 + F(x_1 + x0) + I)xo < Xo.
Thus the point (x7,%;) is below the curve (35) and
B(x% +x%) + Cxoxy + F(xy +x1) +1 < 1.
Now

X3 = (B(x% + x%) + Cxoxy + F(xo +x7) + 1)x1 < X1,
X4 = (B(x% + x%) + Cx3xy + F(xz + o) + I)xg
< (B(xf +x§) + Cx1%9 + F(x1 + x9) +I)x2 < X.
Continuing in this way, we obtain (0,0) <, « - <pe (X3, %4) <pe (%1,%2) <y (x_1,%0). Hence,

both of the subsequences {x,} and {x5,,1} are decreasing, which implies x;, — 0 and
%x9,41 — 0. If we start at the point (x_;,x0) above the curve (35), then

B(xg +a2,) + Cxox_y + F(xg +x1) +1> 1.

Now the proof is very similar and will be omitted. In this case both of the subsequences
{x2,} and {x3,,1} are increasing, which implies x,,, — oo and x,,1 — 00.
If 2B = C, then

B(x* +y*) +2Bxy + F(x +y) +1 =1,

B(x+y)2+F(x+y)—(1—1)=0.
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Since F? + 4B(1—1) > 0, U is the union of two parallel lines. If we want to obtain two inter-
secting lines it has to be 2B < C and a straightforward calculation gives another condition
F?2 4+ (2B + C)(1 =1) = 0, which is not true. O

4.13 Thecase:A=D=E=H=]=0andI<1
IfA=D=E=H=]=0and <1, then (®,¥) = (0, 1—5’) is the period-two solution of the
difference equation

Kpsl = Bxix,,_l + Cx,,xi_l + Fxyx,_1 + fol_l + Ix,_1, (36)
and the period-two solution (P, W) satisfies the system

@ =(BY? + COV +FV +GD +1)d,
V= (BP*+COV +FO + GV +1) V.

As H + 1 <1, there are locally stable zero equilibrium and positive unstable equilibrium. If
B =0 and F = G we obtain the special case where (®, ¥) is the solution of the equation

COV +F(O+W)+I-1=0.
Thus every point on the curve Cxy + F(x + y) + [ — 1 = 0 is a period-two solution of (36)

except the equilibrium point (x,,x,).
One can see that in this case we obtain

a=BU?+FV +], b=0, c=CV2+FVy, d=2GV + 1.
Now,

(@a-1)(d-1)=(BY* +FV +1-1)2GV¥ +1-1) = (BY* + F¥ + I -1)(1 - I),
ad = (BY* +FV +1)(2GW¥ +1) = (B¥* + F¥ +I)(2 - 1),
and
S-D-1=-(a-1)d-1)=-(BY* + F¥ +I-1)(1-1I).
Therefore,
5 1-1
BU?4+FU +-1= F(B(I_D +G(F - G)),

and for the positive equilibrium %, we have

g-p-1=(C-B)x* +2Gx, +1-1

=(C+B)x* + (F+G)x, + [ —1-2Bx* + (G- F)x,

=0

= -%,(2B%, + F - G).



Bektesevi¢ et al. Advances in Difference Equations (2015) 2015:176 Page 23 of 38

« IfB1-1)+ G(F-G)>0,thenS-D-1<0,D >2-1>1, and the period-two
solution (®, ¥) = (0, 1) is a repeller. For example, if F > G, B> 0 or F = G, eB > 0,
then g — p — 1 < 0 and the positive equilibrium X, is a saddle point.

o« If B1-1)+ G(F-G)=0,then S =D —1=0 and the period-two solution
(@, W) = (0, %) is a nonhyperbolic point. For example if F = G and B = 0, then the
positive equilibrium %, is a nonhyperbolic point and every point on the curve
Cxy+ F(x +y) +1—1=0 is a period-two solution of (36), except (x,,%,). The points
(@, W) = {(0, =), (%,0)} are the endpoints of the curve Cxy + F(x +y) + [ -1=01in
the first quadrant.

« IfBQ-1)+G(F-G)<0,then S —D -1 > 0 and the period-two solution
(®,¥) = (0, ) is a saddle point and B(1 —I) + G(F — G) < 0. For example if F < G and
B =0, then g — p—1> 0 and the positive equilibrium x, is repeller.

One can prove that in this case the map 7 has no other minimal period-two solutions

except (O, V) = (0, ~Gry/ G DD vGZZD%D(IJ)). This leads to the following theorem.

Theorem 16 Let A=D=E=H =] =0and I <1, then (36) has locally stable zero equilib-
rium and the positive equilibrium x.,. The following statements hold.:

(a) If B= 0 and F < G, then the positive equilibrium x, is repeller and there exists the
period-two solution which is a saddle point. In this case there exist four continuous curves
WE(Py), WE(Py), WH(Py), and W*(P,). The curves W*(Py) and W*(P,) are passing through
the point E, = (x,,x.) and they are graphs of decreasing functions. The curves W*(P,) and
WH(P,) are the graphs of increasing functions and are starting at Ey(0,0). Every solution
{x,} which starts below W*(P1) U W?*(P,) in the North-East ordering converges to Ey and
every solution {x,} which starts above W*(P1) UW?(P,) in the North-East ordering satisfies
lim,,, oo %, = 00. (See Figure 1(a).)

(b) IfF>G,B>0o0rF =G, B> 0, then the positive equilibrium x, is a saddle point and
there exists the period-two solution which is repeller. Global behavior of (34) is described
by Theorem 3 where we set E1(0,0) and E;(x,,%,). (See Figure 1(b).)

(¢) If F = G and B = 0, then every point on the curve Jy = Cxy + F(x + y) + I = 1, which is
passing through the point E = (x,,x, ), is a period-two solution of (36) except E. All period-
two solutions and the positive equilibrium x, are nonhyperbolic points and the zero equi-
librium is locally stable. The curve [y divides the first quadrant into two regions. The re-
gion below [y in the first quadrant is the basin of attraction of the zero equilibrium and
the region above [, in the first quadrant is the basin of attraction of point at infinity. (See
Figure 1(c).)

Proof

(a) The existence of four curves W*(P;), W*(P,), W*(P;), and W*(P,) with the described
properties is guaranteed by Theorems 1 and 4 of [18] applied to the map T? given by (23).
The global result follows from Theorem 3.

(b) All conditions of Theorem 3 are satisfied and the proof follows from Theorem 3.

(c) The facts that every point on the curve 7] is a nonhyperbolic period-two solution of
(36), except (¥,,%,), and that the points (®, ¥) = {(0, 1—51), (1—51, 0)} are the endpoints of J;
in the first quadrant were proven earlier. This implies that the curve 73, which is passing
through the point E = (x,,%,) is not a global stable manifold of E. It remains to describe
global behavior of (36) when F = G and B = 0. Since I <1 and the curve has endpoints in
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the first quadrant, the point (0, 0) is always below the curve. If the point (x_;, %) is below
the Julia set 7, then

Cx_1x0 + F(x_1 +x0) +I < 1.
As x,.1 = (Cxpxp_1 + F(x, + x,-1) + )x,_1, we have

X1 = (Cxox_l + F(xog +x_1) + I)x_1 <X_1,

%y = (Crrxg + Fovy +x0) + I)xg < (Crox_1 + F(xo +%-1) +1)x0 < .
Thus the point (x1,x5) is below J; too and

Cx1xy + F(xy +x0) + I < 1.
Now

X3 = (Cx1x2 + F(x1 + %) +I)x1 < X1,

X4 = (Cx3x2 + F(x3 + %) + I)xg < (Cxlxz + F(x, +x0) + I)xz < Xo.
Continuing in this way, we obtain (0,0) <, « - <pe (X3, %4) <pe (%1,%2) <y (x_1,%0). Hence,
both subsequences {x,} and {x;,,1} are decreasing, which implies x5, — 0 and x,,; — 0.
If we start at the point (x_;,x) above 7;, then

Cx_1x0 + F(x_1 +x0) +1>1,

which, in a similar way as above implies (x_1,%0) <ye (¥1,%2) <e . ... In this case both sub-
sequences {xy,} and {xy,,1} are increasing, which implies that x,, — oo and xy,,1 — 00.

O
The special cases studied in Theorem 16 leads to the following general result.
Theorem 17 Counsider the difference equation
Fns1 = Py, %-1)%-1, (37)

where P is a symmetric polynomial function with nonnegative coefficients. If we assume
that P(0,0) < 1, then the curve P(x,y) = 1 is the Julia set and separates the first quadrant
into two regions: the region below the curve is the basin of attraction of Ey(0,0) and the
region above the curve is the basin of attraction of a point at infinity.

Proof Equilibrium points of (37) are solutions of the equation
x=Pxxx < x(Px%x)-1)=0,
which implies that (37) has zero equilibrium. Let k(x) = P(x,x) — 1. Then

h(0) <0, h(co) =00 and H(x)>0 forallx>0,
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and we see that the equation P(x,x) = 1 has exactly one positive equilibrium ¥, . As a con-
sequence of the symmetry we have % (x,9) = %(y, x) and

P P
p+q=x —xx)+ —(x%x) | + P(x, %)
ox ay

P
=2x— (%, %) + P(x,x),
0x

where p and g denote partial derivatives of function g(x, y) = yP(x, y) evaluated at the equi-
librium . For the zero equilibrium we get

p+q=P0,0)<1,

and by applying Proposition 2, the zero equilibrium is locally asymptotically stable. Simi-
larly, in the case of the positive equilibrium x,, we get

aP
p+q= 29_C+_(x+;9_c+) +P(%+,3_C+)
ox
_oP _ _
=2%,—(*,,%,)+1>0
ax
and
q-p =P(x+rx+) =1.

By applying Proposition 2 the positive equilibrium %, is unstable nonhyperbolic point.
The period-two solution {®, ¥}, where 0 < ® < W, satisfies the system

O =P(V, P)D,

W = P(P, W)W,
Since ¥ > 0, we have P(®, V) =1 and P(¥, ®) = P(®, V) = 1. Hence, every point of the
set J» = {(x,9) : P(x,y) = 1} is a period-two solution of (37) except the equilibrium point
(,,x,). If we start at the point (xg,x_;) below the curve 7, then

P(xo,x_1) <1

and from the fact that P(x,y) is an increasing function in both variables we obtain the
following:

x1 = Ploo, x_1)%_1 < %1,

%9 = P(x1,%0)x0 < P(x_1,%0)%0 = P(x0, %_1)%0 < Xo.
Therefore the point (x;,x;) is also below J; and

P(xz,xl) <1
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So

%3 = P(xg, %1)%1 < %1,

K4 = Px3,%9)%5 < P(o1,x0)%0 = P2, %1)%2 < %3.

Continuing in this way, we obtain (0,0) <, - - - <,e (%3, %4) =<pe (%1,%2) =<y (x_1,%0). Hence,
both subsequences {x,} and {x;,,1} are decreasing, which implies x,, — 0 and x,,; — O.
If we start at the point (x_1,x0) above J,, then

P(xo,%x_1) > 1.

The proof of the remaining case is similar and will be omitted. In this case both subse-

quences {xy,} and {xy,,1} are increasing, which implies x,, — 0o and x,,; — oo. O

4.14 TheCase:J=0,H+1>1

Next we consider the case where / = 0 and H + I > 1. In this case (1) has exactly one

equilibrium which is the zero equilibrium, which in view of Proposition 1 is unstable.
The following result describes a global dynamics of (1) in this case.

Theorem 18 Counsider (1) under the conditions ] = 0 and H + I > 1. The global behavior of
solutions of (1) is as follows:
(@) If1-H <1 <1 and (1) does not possess a period-two solution, then every solution
{x,} of (1) satisfies limy_, %, = 00;
(b) If1-H =1 <1, then every solution {x,} of (1) is either a period-two solution or it
satisfies lim,,_, o %, = 00;
() If1+ H <1 and (1) does not possess a period-two solution, then every solution {x,} of
(1) satisfies lim,_, oo %, = 00.

Proof

(a) In view of Theorem 3 there exist the global stable manifold W*(0,0) and the global
unstable manifold W*(0, 0), where W*(0, 0) is a graph of continuous decreasing curve and
W*(0,0) is a graph of continuous increasing curve and both manifolds are invariant sets.
The only decreasing curve in the first quadrant Q; passing through (0, 0) is the union of
the coordinate axes, but this set is clearly not an invariant set, which means that W*(0,0)
is not a part of Q;. On the other hand W*(0, 0) exists and all solutions are asymptotic to
W*(0,0). Thus if (1) does not possess a period-two solution, then every solution {x,} of
(1) satisfies lim,,_, o, X, = 00.

(b) Assume that {x,} is not a minimal period-two solution of (1). Then {x,} is eventually
monotone or the subsequences {x5,} and {x,.1} are eventually monotone. If {x,} is even-
tually decreasing, then x,, < x,,_; for all n > K, which implies x,,,; > Hx,, +Ix, 1 > (H+I)x, =
x,, which is a contradiction. If the subsequences {x,,} and {x;,,1} are eventually mono-
tone, then without loss of generality we can assume that {x5,} is eventually nondecreasing
and {x5,,1} is eventually non-increasing. In this case x;, — 00, which would imply that
%2441 — 00, which is a contradiction. Thus the remaining possibility is that {x,} is eventu-
ally increasing, which implies that x,, — oo as # — oo. Another way of proving the global
behavior in the case when the equilibrium point E is nonhyperbolic was used in [18, 19].
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To complete this we will find the image of E + tv, where ¢ > 0 and v is the eigenvector that
corresponds to the eigenvalue 1, under the map 7. Since E + tv = (¢, £), we have

T(E+tv)—(E+tv) = T((t,8)) - (t,£) = (0,(A+B+C+D)t> + (E+ F+ G)t* + (H +1-1)t).
By using the condition H + I —1 = 0, we have
TE+tv)—(E+tv) = (0,(A+B+C+D)t3+(E+F+G)t2),

which implies E + v <,,. T(E +tv) for every t > 0. This shows that every point in u € (x, 00)?
is a supersolution for the map T, that is, u <,,, T'(u), see [18], and so every solution tends
to oo.

(c) In view of I > 1 + H from (1) we have x,,; > Ix,_;, which implies x,,; > I*x_; or
Xpn1 > I¥xo for some k such that k — oo as n — oo. Consequently every solution {x,}
of (1) satisfies lim,,_, o, X, = 00. O

4.2 The case of two equilibrium points and a finite number of hyperbolic minimal
period-two solutions

In this section we present the global dynamics of (1) in the parametric regions where there

exist two distinct equilibrium points E_(x_,x_) and E, (x,, ), such that E_ <, E,, which

holds if and only if

$2(28% —951S3) — 24/(S3 - 35:53)3
278?

+J <0,

and a finite number of period-two solutions which are hyperbolic. In this case, we prove
that the Julia set is the union of the stable manifolds of some saddle period-two points and
separates the first quadrant into two regions: the region below the curve is the basin of
attraction of E_ and the region above the curve is the basin of attraction of the point at
infinity.

Let T?(x,y) = (g(x,y), h(x,y)) where g(x,y) = f(3,x) and k(x,y) = f(f(y,x),y). Then the
period-two curves, that is, the curves of which the intersection is a period-two solution,
are given by

Ci={®y):f(x) =x} = {(x,9) :g(x,y) =x} and
Ce={®) :f(xy) =y} = {(xy) : hlx,p) = ¥}.

Let

F(x,y) := Dx® + (Cy + G)® + (By2 +Fy+1-1)x + Ay +Ey* + Hy +],
G(x,y) = Ax® + (By + E)x* + (Cy2 +Fy+ H)x +DY + Gy + (I 1)y +],
Pi(»):=(A+B+C+D)y’ +(E+F+G)y* + H+I1-1)y+].
It is easy to see that f(y,x) = x and f(x,y) = y if and only if F(x,y) = G(x,y) = 0. We can
view F and G as polynomials in y with coefficients in R[x] and as polynomials in x with

coefficients in R[y]. Let Res,(F, G) and Resy(f-", G) be resultants (see [14, 15]) of the poly-
nomials F(x, y) and G(x, y) with respect to the variables x and y, respectively.
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The following lemma gives some properties of F(x, ), Glx, ), Res,(F, G), and Res, (F,G).

Lemma 2 The following hold:
(i) IN-"(x,y) = G(y,x) and degx(f”) = degy(G) <3, and degy(f:) = degx(é') < 3, where the
indices indicate in which variable we consider that polynomial.
(ii) Ifs(y) = Resy(F, G) and r(x) = Res,(F, G), then r(x) = (~1)%eex(F)deax(@)g().

Proof
(i) The proof follows from the fact F(x,y) = f(y,x) — x and G(x,y) = f(x,y) — .
(i) Let F(x,9):= Y0, ai(y)x and G(x,y) := Y o bi(y)x’. Since E(x,y) = G(y,x), we
obtain F(x,y) := Y2 bi(x)y’ and G(x,y) := Y5, a:(x)y'. From this and the definition

of the Sylvester matrix we get r(x) = (—1)%2(F)degx(Gg(x), g

Let P;, i = 2,3,4,5 be the polynomials in the Appendix. The following lemma gives us
information as regards the number of minimal period-two solutions.

Lemma 3 Assume that Res,(F,G) = P, (»)P(y) # 0. Then there exist at most |deg(P)/2]
isolated minimal period-two solutions. Let §PS denote the number of isolated minimal
period-two solution. The following statements are true:
(i) IfA >0 and D> 0, then Resy(F, G) = —Py(y)Py (). If P # 0, then #PS < 3.
(ii) IfA =0 and D >0, then Res,(F, G) = —D3>%&(@ Py (y)P,(y). If Py # 0, then #PS < 3.
(iii) IfD =0 and A >0, then Resy(F, G) = (~1)%e=(F) A3-deex(F) p, (3) Py (3). If P, 2 0, then
gPS < 3.
(iv) fA=D=0,C+B>0,C+G>0,andB+E >0, then Res,(F, G) = Py(y)P5(y). If
P3 20, then #PS < 2.
(v) fA=D=0,B=E=0,and C > 0, then Res,(F, G) = P(y)Py(y). If P, # 0, then
gPS <1.
(vi) IfA=D=0,C=G=0,andB>O0, then Res,(F, G) = P,(y)P5(y). If Ps # 0, then
gPS <1.

Proof Suppose that {®, W} is a minimal period-two solution (& # ¥). Then E(®,V) =
G(¥, ®) = 0, Lemma 2, and Theorem 7 imply Res,(F, G) (V) = Resy(?, G)(®) = 0, and we
see that P(®) = P(W) = 0. This implies that there exist at most |deg(P)/2 isolated minimal
period-two solutions. By using the package Mathematica, one can see that the statements
(i)-(vi) are true. O

The following lemma gives the necessary conditions under which an isolated period-two
solution is nonhyperbolic.

Lemma 4 Assume that Res,(F,G) = Py(y)P(y) 2 0 (i.e. P(y) # 0). Then the following state-
ments hold:

(i) If (1) has a nonhyperbolic period-two solution, then Dis(P) = 0.

(i) If (1) has a nonhyperbolic equilibrium point, then

Dis(P; - P) = Dis(P;) Dis(P) Res(P;, P)? = 0,

where Dis(Py) is given in the Appendix.
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Proof

(i) Suppose that (¥, V) is a nonhyperbolic minimal period-two solution. This implies
that F(d,¥) = 0, G(®, V) = 0. By Theorem 7 we have P;(®)P(P) = 0. Since @ is not an
equilibrium point, we obtain P;(®) # 0 and P(®) = 0. Taking derivatives of g(x,y) = x and
h(x,y) = y with respect to x we get

H (%)

1-g(xy)
1- ) (x,y)

= )

and y/G () =

One can see that

/ Lo 1-g(@,W)  H(D,W)
) I T T

l1-¢ & 1-(e1 + M) + (et — fig1)
A 1-m A=)
p(1)  (Q-p)d-po)

= = ’

A=) fA-h)

where p(u) is the characteristic equation of the matrix

/T2(<1>,x11)=<e1 fl).
&1 h

By Lemma 1 we have p4, 12 > 0. Since (®, ¥) is a nonhyperbolic minimal period-two so-
lution, we have u; = 1 or uy = 1. This implies y%(@) —yé(@) = 0. Since P = 0, by Theorem 7
the curves Cz and C¢ have no common components. In view of Lemmas 6 and 7 from [20],
the curves Cr and Cg intersect tangentially at (®, W) (i.e. y%(fb) —y’G(CD) =0) if and only if
® is zero of P (y)P(y) of multiplicity greater than one. Since P;(®) # 0, ® is a zero of P(y)
of multiplicity greater than one. By Theorem 6, P(y) has zero of multiplicity greater than
one if and only if the discriminant Dis(P) is equal to zero, from which the proof follows.

(i) Suppose that X is a nonhyperbolic equilibrium point. This implies that F(¥,%) = 0,
G(x,%) = 0. Similarly, as in (i), we have P,(X)P(%) = 0. Since J;2(%,%) = (J7(% X)), we see
that all eigenvalues that correspond to J;2 (%, %) are nonnegative. Since x is a nonhyperbolic
equilibrium point, we have u; =1 or uy = 1. This implies y’ﬁ(a_c) - y/é(a'c) = 0. Similarly, as
in (i), we see that

Dis(P; - P) = Dis(P;) Dis(P) Res(Py, P)? = 0. O

Let B(E_) be the basin of attraction of E_(¥_,%_) and B(o0, o0) be the basin of attraction
of (00, 00). The following lemma is true.

Lemma 5 IfE, is nonhyperbolic, then the following statements hold.:
(i) If Qu(Ey) ={(x,y): x> X, and y > x.}, then int(Qy(E,)) C B(oo, 00).
(i) IfQs(Ey) ={(x,):0<x <X, and 0 <y <x.}, then int(Qs(E,)) C B(x_,%_).

Proof Assume that (xo,y0) € int(Qs(E.)). By Theorem 6 [18] there exists (Xp,%1) €
int(Q3(E,)) such that (xo,y0) <se (X0,%1) and (x_,X_) =, (X0, %1), and T (X, ¥1) <pe (X0, %1).
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By monotonicity of T we obtain T (x,%1) <, T(X0,%1) <ue E., which implies
T"(%0,%1) — (¥_,%_) as n — 00. Since (0,0) <,,. T(0,0) we have T%(0,0) <, T51(0,0) <e
(*_,x_), which implies 7"(0,0) — (x_,x_) as n — oo. Similarly, one can prove
int(Q1(E;)) C B(oo, 00). |

In view of Theorem 2 it is easy to see that {T"(xo,y0)} is either asymptotic to (oo, c0)
or converges to a period-two solution, for all (xg, o) € R = [0,00)2. In view of Lemma 3
we can suppose that Res,(F, G) = Pi(y)P(y), P € R[y]. If P % 0 and Dis(P; - P) = Dis(Py) x
Dis(P) Res(Py, P)* # 0, then by Theorem 12 and Lemma 4 we see that E, (¥,,x, ) is a repeller
or a saddle point and all minimal period-two solutions are hyperbolic. By Lemma 5 we see
that int(Qs(E,)) C B(x_,x_) and int(Qy(E,)) C B(co,00). Let S; denote the boundary of
B(x_,x_) considered as a subset of Q,(E) and S, denote the boundary of B(x_,x_) consid-
ered as a subset of Q4(E,). It is easy to see that E, € &1, E, € S; and T(R) C int(R).

The proof of the following lemma for a cooperative map is the same as the proof of
Claims 1 and 2 [21] for a competitive map, so we skip it.

Lemma 6 Suppose that P £ 0 and Dis(P; - P) # 0. Let S, and S, be the sets defined as
above. Then

(@) If (x0,¥0) € B(x_,x_), then (x1,y1) € B(X_,%_) for all (x1,91) =ye (%0, ¥0)-

(b) If (x0,¥0) € S1 U Sy, then (x1,y1) € int(B(x_,X_)) for all (x1,y1) Kne (X0, Y0)-

(© S Nint(Qx(E4)) # 9 and Sy Nint(Qu(E.)) # 9.

d) T(SUS) S S US,.

(€) (%0,¥0), (*1,1) € S1 U Sy = (%0, ¥0) Kse (¥1,¥1) 0F (x1,71) Kse (%0, Y0)-

(f) S1US, is the graph of continuous strictly decreasing function.

Theorem 19 Suppose that P £ 0 and Dis(Py - P) # 0. If E, is a repeller, then there exists
at least one minimal period-two solution {(¢, V), (¥, p)}, which is a saddle point, such that

(@, V) Kse £ Lse (V,9).

Proof In view of Lemma 6 we see that (S5; U S;, <) is a totally ordered set which is in-
variant under 7. If (xo, o) € (S; U Sy) \ {E.,}, then {T®"?(x,0)} is eventually componen-
twise monotone. Since S; U S, is the graph of a continuous strictly decreasing function,
there exists a minimal period-two solution {(®, V), (¥, ®)} € (51 U S,) \ {E,} such that
T (x9,y0) — (P, W) as n — oo. Since S; U S, = dB(%_,%_) is a closed set, we see that
{(®, V), (W, ®)} belongs to (51 U S,) \ {E,}. By Lemma 4 all period-two solutions are hy-
perbolic. Since {(®, V), (¥, ®)} € dB(x_,x_), it is not locally asymptotically stable. Thus
{(®, V), (¥, D)} must be a saddle point. O

Corollary 1 Suppose that P # 0 and Dis(P, - P) # 0. If E.(%,,%,) is a repeller, then
int(Q2(E,)) U int(Q4(E,)) contains one or three distinct minimal period-two solutions.
If T has one minimal period-two solution {(®1, V1), (W1, P1)}, then it is a saddle point
and (91, V1) K Ey Kse (W1, P1). If T has three minimal period-two solutions {(®;, V;),
(w;, <I>,»)}?=1, then they are ordered in the South-East ordering. If (P3, V3) Kge (P2, V2) Kse
(D1, V) Kse By Kse (W, D) K5 (W, Py) Kse (Y3, P3), then odd indexed period-two
points are saddles and even indexed period-two points are repellers.

Proof By Lemma 4 all equilibrium points and minimal period-two solutions are hyper-
bolic. In view of Theorem 7 we see that F and G have no common component. From
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Lemma 3 the number of minimal period-two solutions is at most three. In view of Theo-
rem 19, T has at least one minimal period-two solution, which is a saddle point. Assume
that T has two minimal period-two solutions {(®;, V1), (W1, @1)} and {(Dy, W), (Vs, $y)}.
Assume that {(®q, ), (¥, @1)} is a saddle point and (0, V7) K e E; Kge (W1, D1). Fur-
ther, suppose that (®,, U)) <. (D1, V) Ko By Koo (W1, P1) Koo (W, D3). The map T2
satisfies all conditions of Theorem 3, which yields the existence of the global stable man-
ifolds W*({(®1, ¥1), (W1, ®1)}), the union of two curves W(®dq, ¥;) and W*((¥1, ®1)) that
have a common endpoint E,. Then W*(®;, W) has the second endpoint at (®,, ¥;) and
W5(W, @;) has the second endpoint at (W;, ®;). Furthermore, the minimal period-two so-
lution {(®y, ¥3), (W2, ®2)} is a repeller. Since the global stable manifold is unique, the set
(S1NQa(Py, W7)) U (S, NQa(Wy, @y)) is invariant under 7. Similarly, as in Theorem 19, one
can prove that int(Q,(®,, ¥;)) Uint(Q4(W,, ®3)) contains exactly one minimal period-two
solution, which is a saddle point. Hence, if T has two minimal period-two solutions, then
there exists a third minimal period-two solution. This proves the lemma. If (®;, ¥1) <,
(D2, V) Kse Ey Ko (W, Pp) Ko (W, P1) the proof is similar and will be omitted. O

Corollary 2 Assume that P # 0 and Dis(Py - P) # 0. If E,.(x,,X,) is a saddle point,
then int(Qy(E,)) U int(Q4(E,)) contains either zero or two minimal period-two solutions
{(P;, W), (V;, D))}, i = 1,2, which are ordered to the South-East ordering. If there exist
two minimal period-two solutions such that (9, V) Kse (P1, V1) Kse By Kse (W1, D7) Kse
(Uy, @,), then an even indexed period-two point is a saddle and an odd indexed period-two
point is a repeller.

Proof The proof is similar to the proof of Corollary 1 and it will be omitted. d

Theorem 20 Suppose that P # 0 and Dis(Py - P) # 0. If E.(x,,%,) is a repeller, then
int(Q2(E,)) U int(Q4(E,)) contains one or three minimal period-two solutions {(®;,\V;),
(w,, d>,')}i2f1+1, where n = 0 or n =1, such that (®;1, Vis1) Kse (O, V;) Ko E, and E, K,
(U;, ;) Kse (Vir1, Piy1), and (V;, @;) = T(D;, V;). Furthermore, the odd indexed period-two
points are saddles and the even indexed period-two points are repellers and the following
hold:

(i) If there exists one minimal period-two solution {(®1, V1), (W1, P1)}, the global stable
manifolds is given by

WE({(@1, W1), (W, D1)}) = WH (D1, W1) U WS (W, Dy),

where W*(®1, V1) and W (W1, @1) are the graphs of a continuous strictly decreasing func-
tions with common endpoint at E, and YWV, ®1) = TONV*(P1, V). The Julia set is the

curve
C =W (D, W) UWP (W, @) U (E,}

that separates R = {(x_1,%0) : .1 > 0,x¢ > 0} into two components W~ and W*, which are
basins of attraction of E_(x_,x_) and (00, 00), respectively, where

W™ = {(®1)(%,5) Zne (%o, o) for some (X0,%0) € C};
W = {(xvy)|(3‘2175/1) =hne (x:y)for some (56115/1) € C}
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Figure 2 Visual illustration of Theorems 20 and 21. (a) Visual illustration of Theorem 20, case (i); (b) visual
illustration of Theorem 21, case (a).

The global unstable manifold is given by
WH({ (@1, W), (1, D1)}) = WH(Py, Wy) U WH (W, Dy),

where W (®q, V1) and VWH*(Vy, &) are the graphs of continuous strictly increasing func-
tions such that W* (¥, 1) = TW* (D1, V1)), with common endpoint at E_. See Figure 2(a)
for visual illustration.

(ii) If there exist three minimal period-two solutions, the global stable manifolds are given

by
W ({(Paka1, Ware1), (Warst, Poxa1) }) = WP (Potrs Wakan) UW (Wopr, Poinr),  k=0,1,

where WS(®op1, Wois1) and W (Wori1, Poks1), k = 0,1 are the graphs of a continuous
strictly decreasing function such that W*(Waks1, Poks1) = TNV (Poss1, Vo)), with end-
points at E,, and (Dy, V), (Vs, ©y). The Julia set is the curve

1
C = JW (@ats1, Vars1) U WP (W1, Pokar) U { (Pas Wak), (Wi, Poi) })
k=0

that separates R = {(x_1,%0) : 1 > 0,x¢ > 0} into two components W~ and W*, which are
basins of attraction of E_ and (00, 0), respectively, where

W™ = {(x2)1(x,5) Zpe (%o, o) for some (%0, %) € C};
W* = {(x)(&1, 1) Zne (x,) for some (%1,51) € C}.

The global unstable manifolds are given by

W ({(Paks1, Waka1)s (Wars1, Paxsn) })
= W @ops15 Wors1) U W (Wopir, Pors),  k=0,1,
where W*(®gxi1, Woks1) and W (Woks1, Poks1) are the graphs of continuous strictly increas-

ing functions such that W*(Wor,1, ®Poks1) = TV (Pori1, Vaki1)), With common endpoints
atE_.
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Proof In view of Corollary 1 the set int(Q,(E,)) U int(Q4(E,)) contains an odd number
of minimal period-two solutions {(®;, V;), (¥;, ®;)},i=1,...,2n+1 (n=0 or n = 1), such
that (D1, Wir1) e (i, W) e Ev and E, e (Wi, P1) e (W1, ii1) and (W, @;) =
T(®;, ¥;). Furthermore, the odd indexed period-two points are saddles and the even in-
dexed period-two points are repellers. The map 72 satisfies all conditions of Theorems 1, 2,
and 4 [18], which yields the existence of the global stable and unstable manifolds with the
above properties. In view of Theorems 1, 2, and 4 [18] for (x,y0) € W~ N'R there exists
1oy > 0 such that

n

T"(x0,y0) € U(int(QS(CDZkHr Wos1)) Uint(Qs(Waksr, Pake1))) N'R C B3, %),
k=0

n> no,

and for (xg,y9) € W* N'R there exists n; > 0 such that

n

T"(x0,0) € U(int(Ql(q)Zkﬂ» Wyi1)) Uint(Qr(Waks1, Paxs1))) NR C B(oo, 00),
k=0

n>mn,

which completes the proof. d

Theorem 21 Suppose that P % 0 and Dis(P; - P) # 0. If E.(x,,%.) is a saddle point, then
either T has no minimal period-two solution or int(Q,(E,)) Uint(Q4(E,)) contains two dis-
tinct minimal period-two solutions and the following hold:

() If T has no minimal period-two solution, then there exist two continuous curves
WH(E,) and W*(E, ), both passing through the point E, (x,, %), such that W*(E,) is a graph
of a decreasing function and W*(E.,) is a graph of an increasing function. The first quad-
rant of the initial condition Q = {(x_1,%0) : x_1 > 0,x9 > 0} is the union of three disjoint
basins of attraction, namely

Ql = B(a‘c,,a‘c,) U B(E+) U B(OO, oo)’
where B(E,) = W*(E,), and

B,%) = W™ = {(5,1)(®%,) <ue (Fo,5o) for some (Fo,5o) € W'(E,)},
B(00,00) = W* = { (6, ) G1,31) <ne (3,9) for some (s, 1) € WH(E,)}.

In addition, for every (x_1,x0) € Q1 \ W*(E,) every solution is asymptotic to W*(E,). See
Figure 2(b) for visual illustration.

(b) If int(Q2(E,)) U int(Qa(E,)) contains two minimal period-two solutions {(P1, V1),
(W1, @1)} and (P2, V), (W2, P2)} such that (Va, Pr) Kse (P1, V1) Kse By Kse (W1, P1) Kise
(Wy, @y) then {(P1, W), (W1, D)} is a repeller and {(D,, V3), (Va, D2)} is a saddle point.

The global stable manifold of {(P,, W,), (V,, P,)} is given by

WE({(@2, Wa), (W2, P2)}) = WH (D3, W) U WS (W3, D),
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where WH(®y, Wy) and W (W,, ©,) are the graphs of a continuous strictly decreasing func-
tions such that W*(W,, ®3) = TONV* (Do, Vs)), with the first endpoints at (91, V1) and
(W1, ®1), respectively. The second endpoints of W*(®,, V,) and W (V,, ®,) belong to the
boundary of R. The global stable manifold WW*(E,) of E, is a graph of a continuous strictly
decreasing function with endpoint at (®y, V) and (Y1, 1) The Julia set is the curve

C = W’ (Dy, W) UWH (W, D) U {(P1, Wy), (W1, D1)} UWH(E,)

that separates ‘R into two components VW~ and W*, which are the basins of attraction of
(%_,x_) and (0o, 00), respectively, where

W™ = { (% 9)1(%,9) Zue (%o, 30) for some (%9,50) € C};

W' = {(x,9)|(F1,51) Zne (x,) for some (%1,%1) € C}.

Further, we have

B({(®2, W), (W3, D3) }) = W (D2, Wa) U W' (W3, Dy);
B(E) = Wi(E,).

The global unstable manifold of {(D2, V2), (W, O2)} is given by

W ({(®a, Wa), (Wa, D2)}) = WH(Do, W) UWH (W3, By),

where W*(®y, Wy) and W*(W,, ®,) are the graphs of continuous strictly increasing func-
tions such that W*(W,, ®;) = TIW*(®,, V,)), with endpoints at (x_,x_) and (0o, 00). The
global unstable manifold W*(E,) of E, is the graph of a continuous strictly increasing
function such that W*(®q, Wy) and WH* (W, @,), and WH*(E,) have a common endpoint
at (x_,x_).

Proof The proof is similar to the proof of Theorem 20 and it will be omitted. d

All figures are generated by the software package Dynamics 3 [22].

Appendix: Values of coefficients p; fori=0,...,6, and Dis(P;)

Py(y) = pey° +psy’ + -+ pry + po,

po=A*J* + A*(=3DJ* +J(G(-2H - (3 -3I)) + 1= 1)E) - 2I(H + (1L - I)))
+A(BD** + (H+ (1-1))(H(G* + (2-2I)D) + (1 - 1)EG)
+J(G(E - G)* + D(G(H + (3-30)) + E(3H + (1-1))))) - D*J?
+D(H + (1-1))(DH? - EGH - (1 - I)E*) - DJ (E(E - G)?
+D(-GH + E(3H + (2 - 21)))),

p1=A*(2H + 1-1))] + A*(J(Q - 1)B + C(-2H — (3 - 31)) — 3DH + FG — EF)
- (H+1-D)(2(GH +(1-DF) - (1-1E))
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+A(J(B(2(E-G)G+D(3H + (1-1)))
+ C((E-3G)(E-G) +D(H + (3 -3I))) + D(2F(E - G) - (3 - 31)D))
+(H+Q-1)(G((E-G)(-F+G+E)+(1-1)B)
+C(2GH + (1-DE) + D(3(EH - 1-1)G) - 2F(H - (1-1)))))
+D(-BJ(D(3H + (2 - 2])) + G> — 4EG + 3E?)
-B(H+1-1)(GH + (2 -2I)E) + DJ(CH + FG - EF)
—E(H+(1-1D)(CH + (E- G)(-F + G+E)) + 2EC(E - G)J
+D*(H +(2-21))] + D(H + (1 - 1)) (2FH - GH + (2 - 2])E)),
p2=A*(-J(F+G)+ H* + (1-)H + 2E] - 2I)
+A*(-BJ(F -3G +E) - (1-D)B(H + (2 - 2I))
+ C(J(F - 2G) - 2H* - (2 - 2I)H - 2I) + 3DFJ + (3 - 3])DH — 3EDJ]
+ F*H - IF* - IFG
+(E~F)(-F — G + E) — EFH + 2IEF + 2G*H - 2EGH + IEG - IE?)
+A(B*GJ + B(C(2(E - 2G)J + (1 - )H - 2I) — DJ(-2F + 3G + E)
+D(H - (1-1))H - GH(F + G- E) + (-1 + )FG)
+C*(3G] + H* + (1-I)H - 2E]) + C(DJ(-2F + G + 3E)
+(1-NDH-(1-1)-E(F(H+(1-1)-(1-1)G)
+G(2F(H + (1-1)) - G(H + (2 -2D)))
+E*(H + (1-1))) +3D*(G - F) - (3 - 3])D*H - 2DF*H — (2 — 2I)DF*
+2DFGH + (2 - 21)EDF + (3 - 31)DG* - 3EDGH — (3 - 31)EDG
+3E2DH - FG® + 2EFG? - E’FG + G* —EG® - E’G? + E3G)
+D(B*(2G] + (-1+I)(H + (1 - 1)) - 3E))
+B(E(4C] +2F(H + (1-1)) + GH) - (H + (1-1))
x (CH + G(F - G)) = 2CGJ — D(FJ + H* - (2 - 2I)H - 2EJ + 4I)
+E*(-2H - (1-1)))
~E(CJ+C(~-I(F-G+E)+FH+F -G +E) + (E-G)*(-F + G + E))
+D(F(CJ + G(-2H - (1-1))) + E(-3C] + FH - G(H + (2 - 21)))
+H(2CH + (1-1)C + G*) + CGJ + F*(H + (1= 1)) + (2 - 2)E?)
+D*J(F -2G + E) - D*(H* + (1 - H - 21)),
p3=2A" —A*(J(B+ C +4D) + H(F +3G) + (2 - 2I)(F + G) - 2E(H + (1 - 1)))
- A*(B*] +B(-3J(C + D) - H(F +2G) + (-2 + 2I)(F + G)
+E(H +(1-1)) +2C%
+C(-3D] ~I(F~ G+E) + F~2GH - G + 2EH + E) + ID(3F - 3G + 2E)
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—3DF + DGH +3DG - 3EDH — 2ED + F>G — EF* - 2FG”* + EFG
+E’F + G® - E°G) + A(-C(-B*] + E(-BH - 3FG + G?)
+BFH + (1 - I)BF + 2BGH — (1-1)BG + 3D*] + D(H(2F + G) + (1 - I)E)
+2FG* + E*(F +2G) - 2G° - E?) - B*(DJ + (1 - I)G)
+C*(J(D-2B)+F(H+(1-1)) + G(H-(1-1)) + 1 - ])E)
- B(3D*] + D(2F —I(2F + E) + GH + E) — (E - G)G(~F + G + E))
+ C*J + D(4D*] + D(3FH + G(2H + (3 - 3))
x E(-3H —(1-1))) = (E- G)(-2F + G+ E)(-F + G + E)))
+D(B*(=]) + B*(2J(C + D) + H(F + G)
+(1-NF-E(H-(1-1)))-B(C*+C(3D] + F(H + (1-1))
+(-1+1)G-E(H - (2-21))) -D*]
+D(FH + G(H + (2 - 2I)) — E(H + (2 - 21)))
+(G*-3EG +2E*)(-F + G+ E))
+ C*(DJ - EH) + C(D*] + D(F(2H + (1-1))
+G(-H-(Q1-1)+2E(H+(1-1)))+EE-G)(-F+G+E))
+D(-2D*] — D(2H(F - G + E) + F - 2G + 3E)
+ID(F —2G +3E) + (E - F)(E - G)(-F + G+ E))),
pa=A*(2H +(1-1)) + A*(B(-H - (1-1)) + C(=3H — (2 - 2I)) - D(H +I)
+D+(E-F)*+ G - EG)
+A*(1-1)B* + B(2CH + D(3H + (2 - 21)) — (E - F)(E - 3G))
+C* + D(2CH - 3F” + 2FG + 4EF - 3EG)
- C(G(-3F + G+2E) +IC) + EC(E - F) - 3D*(H + (1L - 1)))
+AB*(-A-NC+D(-H-(1-1) + G
+B(C*(-~(H-(1-1)) + C(-2D(H + (1 - 1)) + G(F - 2G)
~E(F +G) +E*) + D((2 - 2I)D + 2G(F - G) + EQ2F + G) - 3E?))
+C*H + C*(D(-H-(1-1) + G(G-F) + E(F + G) - E?)
+ CD(D(2H + (3 - 3I)) — (2F + E)G + 2E(E - F) + 3G?)
+D*(D(H - (1-1)) + 3F> — 4FG - 2EF + 3EG))
+D((1-1)B* + B*(C(H - (1-1)) + DH - (F + E)G + E(F - E) + G°)
+B(C*(-H) + C((2-21)D + (F + E)G + EQE - F) - G*)
+D(D(-2H - (3 - 3I)) + FG — 3EF — G* + 2EG + E*))
+ C*(DH - E*) - CD((3E - G)(G - F) + D(H + (1 - 1))
+D*(D(H + (2 -2I)) - (F - G)* + EG - E?)),



Bektesevi¢ et al. Advances in Difference Equations (2015) 2015:176 Page 37 of 38

ps=(A-B+C-D)(A*-AC +D(B-D))(A(-F - G + 2E)
+BG - EC + D(F - 2G + E)),
p6=(A—-B+C-D)(A> - AC + D(B-D))’,

Dis(P;) = —27A%J? - 54ABJ? — 54ACJ? — 54ADJ? + 18AFH]J + 18AFJI — 18AF]
+18AGH]J + 18AGJI — 18AGJ — 4AH® —12AH*I + 12AH* + 18AHJE
—12AHI? + 24AHI — 12AH + 18AJEI - 18AJE — 4AI° + 12AI%

—12AI + 4A - 27B%*]? - 54BCJ* — 54BDJ* + 18BFH] + 18 BFJI
— 18BFJ + 18BGH]J + 18BGJI — 18BGJ — 4BH® — 12BH*I + 12BH*
+ 18 BHJE — 12BHI* + 24BHI — 12BH + 18BJEI — 18BJE — 4BI° + 12BI*
—12BI + 4B - 27C*J* - 54CDJj? + 18 CFHJ + 18 CFJI — 18CEJ
+18CGHJ +18CGJI - 18CGJ — 4CH® —12CH?I + 12CH? + 18 CHJE
—12CHI? + 24CHI — 12CH + 18CJEI — 18CJE — 4CI° + 12CI? - 12CI + 4C
—27D%J? + 18 DFH]J + 18DFJI — 18DFJ + 18 DGH]J + 18DGJI — 18DGJ
— 4DH?® — 12DH*I + 12DH? + 18 DHJE — 12DHI* + 24DHI — 12DH
+18DJEI — 18DJE — 4DI° + 12DI*> —12DI + 4D — 4F%] —12F*GJ
+ F2H? + 2F?HI — 2F*H — 12F?JE + F?I* - 2F*I + F? —12FG?] + 2FGH?
+ 4FGHI — 4FGH — 24FGJE + 2FGI* — 4FGI + 2FG + 2FH*E
+ 4FHEI — 4FHE — 12FJE?* + 2FEI* — 4FEI + 2FE — 4G®] + G*H*
+2G*HI - 2G*H - 12GYJE + G*I* - 2G°I + G* + 2GH?E + 4GHEI
— 4GHE - 12GJE* + 2GEI* - AGEI + 2GE + H?E* + 2HE*I — 2HE?
—4JE8 + E*I* - 2E%I + E,

P3(y) =y*(B- C)(BG-EC) +y*(B- C)(BU -1) + FG - FE — G* - HC + E?)
+y*(B*] + E(BH + 2FG - G*) + C(-2B] + FH —FI + F + GI - G- EI + E)
— BFH + BFI - BF — BGH — FG* - E*(F + G) + G® + JC* + E°)
+y(B(-2GJ - HI + H + 2JE + I* = 21 +1) + FGH - FGI + FG
—E(FH-FI+F+2JC)+ G*H + G*I - G* + 2GJC + H*C
+E*(H -1 +1) - HIC + HC) + G(GJ + H* - HI + H)
+E(-2G] —HI + H +I* =21 +1) + JE?,

Py(y) =y*(CH -FG + G*) + y(CJ + F(H - I +1) + G(-H +1 - 1))
+GJ+H*-HI+H,

Ps(y)=y*(BU -1) + E(E~F)) + y(B] + E(H -1 +1) + F(-H +1 - 1))

+EJ—HI+H+I*-2[+1.
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