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DYNAMICAL ANALYSIS OF ONE TWO-DIMENSIONAL MAP

BILJANA ZLATANOVSKA

Abstract. In this paper we will present a dynamical analysis of a two- dimen-
sional map via an example. The fixed points, the classification of their character
(stable or unstable), the visualization of some orbits and plotting of the bifurca-
tion diagrams will be the main aspects of research for the two-dimensional map.
As a computer support, mathematical software Mathematica will be used.

1. Introduction

The dynamical analysis of the dynamical systems appeared as a result of the
development of the science for the needs of the technique, a description of the
natural processes and laws, the economics etc. The dynamical analysis of the
dynamical systems can be seen in a lot of scientific papers (as examples [1]-[7]).

The dynamical analysis of the maps and their application in physics, econom-
ics, biologic process, engineering and other areas as discrete dynamical systems
described via difference equations are presented in the mathematical literature ([1],
2], [3], [5], [6], [7]).

The simplest maps for a dynamical analysis are one-dimensional maps. They
can be seen in [1], [2], [3], [5], [6], [7]-

Any dynamical analysis of the dynamical systems (discrete or continuous) is
unimaginable without using a mathematical software. For this goal, we will use a
mathematical software Mathematica which contains tools and techniques of alge-
braic, numerical and graphical nature (as in [1], [2], [3], [4], [5])-

The dynamical analysis of the two-dimensional maps includes finding fixed and
periodical points, classification of their character (stable or unstable), visualiza-
tion of orbits, calculation, and visualization of Lyapunov functions, plotting of the
bifurcation diagrams, calculations of Lyapunov numbers and visualizations of Lya-
punov specter. Such a dynamical analysis can be seen in numerous mathematical
literature (as in [5], [6], [7])-

Date: December 6, 2018.
Keywords. Discrete dynamical system, dynamical analysis, two-dimensional map, fixed point,
orbit, bifurcation diagram.
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The simplest two-dimensional maps are the liner maps F(z,y) = (ax + by, cx +
dy) where a, b, c,d are real parameters and the appropriate two-dimensional linear
system of difference equations is

Tpi1 = ATy + byp
Yn+1 = CTy, + dyn,

where n=1,2,.... This system has one fixed point (0,0) for (a — 1)(d — 1) — be # 0.
Its dynamics are simple.
A dynamical analysis of the two-dimensional map will be given in this paper

F(z,y) = ((a =z = by)z, (a — cx — y)y) (1.1)
where a, b, c are real parameters. This two-dimensional map is an unsolved exercise

in the paper [5] as exercise 2.17 on page 197 in which they look for a dynamical
analysis for the system of difference equations

Tpt1 = (@ — 2 — byn)on
Ynt+1 = (@ — cTn — Yn)Yn (1.2)

where n=1,2.... In the recommendation of the authors from the paper [5], this a
system (1.2) is given in the paper from 1989, [S. Eubank, W. Miner, T. Tajima,
J. Wiley "Interactive computer simulation and analysis of Newtonian dynamics",
Am. J. Phys. 57].

The dynamical analysis of the two-dimensional map (1.1) will be presented with
a finding fixed points, classification of their character (stable or unstable), visual-
ization of orbits and plotting of the bifurcation diagrams.

2. Theoretical basis

The two-dimensional maps F' = (f,g) reviewed as discrete dynamical systems
are reviewed with corresponding systems of difference equations

Tn4+1 = f(xnv yn)
Yn+1 = g(l’n, yn) (2'1)

where n=1,2,... and f, g are given functions.

The following definitions and theorems are given in [5]:

Definition 2.1. a) A fized point of the map F = (f,g) as an equilibrium solution
of the system (2.1) is a point (Z,y) that satisfies
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b) Let (z0,10) be a given element of R?. The pairs (x1,v1), (x2,y2), ... defined
inductively by (2.1) are called the iterates of (xo, yo), and the sequence (xy, yn)oeq 1S
called the positive orbit of (xg,yo) and is denoted by v ((xo, yo)); that is v ((xo, yo)) =
{(z0,%0), F(0,Y0), -+, F*(x0,%0), - }-

c) If the map F is invertible, we define the negative orbit of (xg,yo) to be
v~ ((z0,y0)) = {(x0,%0), F~ (x0,%0), ..., F*(x0,%0), ...} where F~™ denotes the n -
th iterate of F~1.

d) When both the positive and negative orbits eist, the complete orbit vy((xo, yo))
is the union of the positive and negative orbits v((xo,yo)) = v ((z0,v0)) U~ ((zo, y0))-

Definition 2.2. a) Let (Z,7) be a fized point of a map F = (f,q), where f and
g are continuously differentiable function at (%T,y). The Jacobian matriz of F at
(Z,y) is the matriz

ﬂ(g 7 Uz
o 9) 5, (@)
Jr@y) = | 55, 1 9. (2.3)
22,7 F2(T.7)
The linear map Jp(Z,7) : R? — R? given by
of = — Of /— —
g—i(w, y)x + g—i(w, )y
L@+ Sy
is called the linearization of the map F at the fized point (Z,7).
The equation
det(Jp(Z,y) — AE) =0
i€
N — tr Jp(Z, )\ + detJp(Z,7) = 0 (2.4)
is called the characteristic equation at the fized point (T,Y), where
1 ifi=j,
E=le ] = f - (2.5)
0 ifi#]

is an identity matriz from second order.
The solution X\ of the characteristic equation (2.4) is called an eigenvalue of the
Jacobian matriz (2.3).

b) A fized point (T,y) of the map F is said to be hyperbolic if the linearization of
F is hyperbolic, that is, if the Jacobian matriz Jp(T,y) at (Z,7) has no eigenvalues
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on the unit circle. If Jp(Z,q) has at least one eigenvalue on the unit cicle, the it is
a nonhyperbolic fixed point.

The classification of fixed points is given in the following theorem:

Theorem 2.1. (Linearized Stability theorem) Let F' = (f,g) be a continuously
differentiable function defined on an open set W in R? and let (Z,7) in W be a
fixed point of F.

a) If all the eigenvalues of the Jacobian matriz Jp(Z,y) have modulus less than
one, then the equilibrium point (Z,7) is asymptotically stable;

b) If at least one of the eigenvalues of the Jacobian matriz Jp(Z,y) has a modulus
greater than one, then the equilibrium point (T,7) is unstable.

By analysis of the characteristic equation (2.4) of the Jacobian matrix (2.3)
it can obtain explicit conditions for the local behaviour of a fixed point. For a
two-dimensional map (1.1), an analysis will follow the general method Schur-Cohn
criterion which is described in [5]:

Theorem 2.2. a) An equilibrium point (Z,y) of (2.1) is locally asymptotically
stable if and only if every solution of the characteristic equation (2.4) lies inside
the unit circle that is if and only if |tr Jp(Z,y)|< 1 + detJp(Z,7)) < 2.

b) An equilibrium point (Z,y) of (2.1) is locally a repeller if and only if every
solution of the characteristic equation (2.4) lies outside the unit circle, that is, if
and only if [trJp(Z,7)|< |1 + detJp(Z,y))| and |detJp(Z,7)|> 1.

c) An equilibrium point (Z,7) of (2.1) is locally a saddle point if and only if the
characteristic equation (2.4) has one root that lies inside the unit circle and one
root lies outside the unit circle, that is, if and only if |tr Jp(Z,5)|> |1+ detJp(T,7))]
and (trJp(Z,7))? — 4detJp (%, 7)) > 0.

d) An equilibrium point (Z,y) of (2.1) is non-hyperbolic if and only if the char-
acteristic equation (2.4) has at least one root that lies on the unit circle, that is, if
and only if [trJr(Z,9)|= |1 + detJp(T,9)| or detJp(Z,y) =1 and trJp(Z,7) < 2.

Monitoring changes in a map depending on the parameters resulting by a change
of the parameter gives the dynamics of that map viewed as a discrete dynamical
system. These qualitative changes are analyzed by drawing bifurcation diagrams
for which the dynamical system is reviewed as a function depending on a parameter.

3. Dynamical analysis of the two-dimensional map (1.1)

The finding fixed points, classification of their character (stable or unstable),
visualization of some orbits and plotting of the bifurcation diagrams for the two-
dimensional map (1.1) will be shown in this part.
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3.1. Fixed points. The fixed points of the two-dimensional map (1.1) are given
with the following theorem:

Theorem 3.1. The two-dimensional map (1.1) has four fixed points Fy(0,0), F1(0, a—

1), Fy(a—1,0) and Fy(2pe=btl acca—ctly e — 1 +£0).

Proof. By using (2.2) from Definition 2.1 the following system of algebraic equations
is obtained:

(a—T—b))T =7
(- -5y =7
By solving this system of algebraic equations (using of the mathematical software
Mathematica) four fixed points are obtained:
i) the point Fy(0,0) is a trivial fixed point;
ii) the points F1(0,a — 1) and Fz(a — 1,0) are fixed points which exist lla € R;

iii) the point Fg(“b_bg:iﬂrl, ‘w_bg:frl) is a fixed point which exists for bc — 1 # %

For the classification of fixed points for the two-dimensional map (1.1) Jacobian
matrix is used (Theorem 2.1. and Theorem 2.2.). The Jacobian matrix (2.3) at the
point (7,7) of the two-dimensional map (1.1) is

a— 2T —by —bz

Tr(@,9) = —cy a—cx—2y (3-1)

For the classification of fixed points, the map (1.1), F' = (f,g) must satisfy
conditions of Definition 2.2 and Theorem 2.1. From
flx,y) = (a —z —by)z,g9(z,y) = (a — cx — y)y, we conclude that the map (1.1)
satisfies conditions of Definition 2.2 and Theorem 2.1.

The fixed point Fy(0,0): For the fixed point Fy(0,0), we will give the following
theorem,

Theorem 3.2. For the two-dimensional map (1.1), the appropriate the character-
istic equation of the Jacobian matriz (3.1) at the fized point Fy(0,0) is

A2 —2a\+a® =0
with eigenvalues A\ = Ay = a.

Proof. The Jacobian matrix (3.1) at the fixed point F(0,0) has a form

Jr(Fo) = [8 2]
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From

a— A 0

det(Jp(Fy) — AE) = 0 a@— \

' B 0
the characteristic equation is obtained
A —2aX+a®>=0

where E is the identity matrix (2.5).
The eigenvalues of the Jacobian matrix Jp(Fp) are \p = A2 = a. O

For the classification of the fixed point Fy(0,0) for the map (1.1) (by using
Theorem 2.2. and the mathematical software Mathematica), we have the following
conclusions:

i) When —1 < a < 1, the point Fy(0,0) is an asymptotically stable point (locally
asymptotically stable);

ii) When a > 1 or a < —1 , the point Fy(0,0) is a repeller (unstable point);

iii) When @ = 1 or a = —1 , the point Fj(0,0) is a non-hyperbolic point.

We conclude that the behaviour of the map (1.1) in a neighbourhood of the fixed
point Fj(0,0) does not depend on the values of the parameters b and ¢. The point
Fy(0,0) cannot be the saddle point for any real value of parameters a, b, c .

The fixed point F;(0,a — 1): For the fixed point F;(0,a — 1), we will give the
following theorem,

Theorem 3.3. For the two-dimensional map (1.1), the appropriate characteristic
equation of the Jacobian matriz (3.1) at the fized point F1(0,a — 1) is

M — (2+4b—ab)A+ (2a — a® 4+ 2b — 3ab + a*b) = 0
with eigenvalues \y =2 —a, Ao = a+ b — ab.
Proof. The Jacobian matrix (3.1) at the fixed point F;(0,a — 1) is

=] D0

From

a—>bla—1)—X\ 0

det(Jp(F1) — AE) = —b(a—1) 2—a—\

the characteristic equation is obtained
M — (24b—ab)A+ (2a — a® + 2b — 3ab + a*b) = 0

where E is the identity matrix (2.5).
The eigenvalues of the Jacobian matrix Jg(Fy) are Ay =2—a, Ag =a+b—ab. O
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For the classification of the fixed point F;(0,a — 1) for the map (1.1) (by using
Theorem 2.2. and the mathematical software Mathematica), we have the following
conclusions:

i) Whenl <a<3and1<b< %, the point F;(0,a — 1) is an asymptotically

stable point (locally asymptotically stable);

ii) When (¢ < 1land (b>1Vb< %)) or (a>3and (b<1Vb> L)) the
point F1(0,a — 1) is a repeller (unstable point);

iii) When (e < 1and 2 <b<1)or (1 <a<3and (b<1Vb> %)) or
(a>3and 1 < b < %) the point F1(0,a — 1) is a saddle point;

iv) When (¢ < L and (b = 25 Vvb = 1) or (a = 1) or (1 < a < 3 and
(b=1vb=2))or(a=3)or (a>3and (b =%l Vvb = 1)), the point

F1(0,a — 1) is a non-hyperbolic point.

The behaviour of the map (1.1) in the neighbourhood of the fixed point F3(0,a —
1) does not depend on the parameter c .

The fixed point Fy(a — 1,0): For the fixed point Fy(a — 1,0), we will give the
following theorem,

Theorem 3.4. For the two-dimensional map (1.1), the appropriate characteristic
equation of the Jacobian matriz (3.1) at the fized point Fa(a — 1,0) is

M — (24 c—ac))\+ (2a — a® 4+ 2¢ — 3ac+ a®c) = 0
with eigenvalues \y =2 —a,\a = a+ c — ac.
Proof. The Jacobian matrix (3.1) at the fixed point Fy(a — 1,0) is

Tp(Fy) = { 26a a__b(cC(La_—l)l) ]

From

2—a— A\ —b(a—1)

det(Jp(F2) — AE) = 0 a—cla—1)—\

-0
the characteristic equation is obtained
N — (24 c—ac)\ + (2a — a® 4+ 2¢ — 3ac + a*c) =0

where E is the identity matrix (2.5).
The eigenvalues of the Jacobian matrix Jp(Fy) are A\ =2—a, Ag =a+c—ac. O

For the classification of the fixed point Fy(a — 1,0) for the map (1.1) (by using
Theorem 2.2. and the mathematical software Mathematica), we have the following
conclusions:
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i) Whenl <a<3and1<e< %, the point Fy(a — 1,0) is an asymptotically
stable point (locally asymptotically stable);

ii) When (a < 1 and (¢>1Ve< 2) ) or (a >3 and (c <1Ve> %)) the
point Fy(a — 1,0) is a repeller (unstable point);

iii) When (¢ < 1 and % <c<1)or (1<a<3and (c<1Ve>2))or
(@>3and1<c< ) the point Fy(a— 1,0) is a saddle point;

iV)When(a<1and(c:Z%\/c:n)or(azl)or(l<a<3and
(c=1Ve=2))or (a=3)or(a>3and (c =21 Vvec=1)), the point
Fy(a —1,0) is a non-hyperbolic point.

The behaviour of the map (1.1) in the neighbourhood of the fixed point Fs(a —
1,0) does not depend on the parameter b .

The fixed point Fy(%—a=btl aczazctly, oy the fixed point F3(27a=btl aca—ctl

bc—1
we will give the following theorem,

be—1 bc—1 be—1

Theorem 3.5. For the two-dimensional map (1.1), the appropriate characteristic

equation of the Jacobian matriz (3.1) at the fized point Fg(“b_bg:f“, ac_bg:fﬂ) is

_2bc—act+c—ab+b+2a—4 (2—a)(abc —ac—ab+a+b+c—2)

A2 A =0
bc —1 * bc —1
with eigenvalues \1 = 2 — a, Ao = a+b+c_%i:‘1w+abc_2.
Proof. The Jacobian matrix (3.1) at the fixed point F3 is
a-+b—ab+bc—2 ab+b2—ab?—b
_ be— bc—
']F(F3) - ac+c2c—;c2—c a—l—c—(ic—i{bc—Q
bc—1 bc—1
From
a+bfbab+bcf2 Y ab+bl)27ab27b
_ -1 -1 _
det(JF(F?’) - )\E) - ac—EcQ—aCZ—c a+c—ac—|(ibc—2 A =0
be—1 be—1
by using Mathematica (because of the complexity of the equation det(Jp(F3) —
AE) = 0) the characteristic equation is obtained
\2 2bc—ac—i—c—ab—i—b—|—2a—4)\+ (2—a)(abc —ac—ab+a+b+c—2) _0

be—1 be—1

where E is the identity matrix (2.5).
The eigenvalues of the Jacobian matrix Jp(F3) are \y = 2—a, Ao =

a+b+c—ab—act+abc—2

be—1
]

),
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For the classification of the fixed point F3( ab_bg:i’“, aca=ctl) for the map (1.1)
(by using Theorem 2.2. and the mathematical software Mathematica), we have the
following conclusions:

i) The point Fg(“b_bg:fﬂ, ac_b‘c’“:fﬂ) is an asymptotically stable point (locally

asymptotically stable) when

a—1 ab—a—b+3

d <c< 1)V

a+1 an ab—a+b+1 ¢ )
a—1 a—1 ab—a—b+3

b= d 1) Vv b<1 d 1v

( o and c¢<1) (a—|—1< < and (c< C>ab—a—|—b+1

ab—a—-0+3

ab—a+b+1

ii) The point Fg(ab*bg‘:i’*l, aca-ctl) ig a repeller (unstable point) when

l<a<3 and [(b<

)V

(b>1 and

<ec<1)

1 1 ab—a—b+3
1 —1 -V = 1
(1) a< and [(b<0 and (c<b\/b<c< vc>ab—a+b—|—1))v

-3 1
(b=0 and (c<1\/c>%))\/(0<b<1 and (c<1\/c>g

<c<-)V({A<b< —— and ( <ec< =V

1
ab—a+b+1 b +1 ab—a+b+1 b

ab—a—-b+3 1 a—1 ab—a—b+3
a

a—1
a-+1

1 —1 1 1
Cce<)V=2"" and (c<iVo<e<1)V(b> and

b a+1 b b
1 1 ab—a—b+3
Sz 1
(c<b\/b<c< vc>ab—a—|—b+1))] or

1 1 1
(2) a=-1 and [(b<O0 and (c<g\/g<c<1\/c>§(4—2b)))\/

1 1 1
(b=0 and (c<1Ve>2)V(0<b<1l and (c< 1\/5(4—2b) <e<gve> E))

1 1 1
V(b>1 and (5(4—2b)<c<—\/—<c<1))] or

b b
a—1 ab—a—b+3 1 1
3) -1 1 and [(b<=—— and LIV 1
(3) <a<1l and |[( <ST7 o (ab—a+b+1<c<b ;<c< ))
61 11 a—1 11
\/(b—a+1 and (c<5\/5<c<1))\/(a+1<b<0 and (C<Z\/E<C<1
ab—a—b+3 a—3
Ves )V (b=0 and (c<1Ve> —)V(0<b<l and
ab—a—-b+3 1 1 ab—a—-b+3 1
v —Ve> -))V(b>1 and Zv
(> ey < pVer pvlb>1 and (G—mmg <e<y
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%<c<1))] or

1 1 ab—a—b+3
A 2y2
@) a>3 and [(b<0 and {c<gVy<e< i 975

a—3 a—1 ab—a—b+3
b= d R 1 b< —— d
V( 0 an (c<a_1\/c> ) V(0 < <a+1 and (c<

Ve>1))

ab—a+b+1
1 1 a—1 1 1 a—1
V1 =V —))V(b= d (1 =V - O)V(—— <b< 1 d
<c<bc>b))( pelL (<C<bc>b))(a+1<< an
11 ab—a—b+3 1 1 ab—a—b+3
1 —V=- V(b>1 d —V=
( <e<y b<c<ab—a+b+1)) (b>1 an (c<b b < b atbrl
Ve > 1))
iii) The point Fg(“b_bg:fﬂ, acca—ctl) jg a saddle point when
ab—a—-b+3 a—1
1 —1 1 1 1 —
(1) a< and [(b<1 and ( <C<ab—a—|—b—i—1))v( <b<a—|—1
ab—a—b+3 a—1 a—1
d 1 b= d 1 b
an (C<ab—a+b+1vc> )V ( Ly 9 e> )V ( >
ab—a—b+3
d 1
and 1<e< T i o41)

2) a=—-1 and [(b<1 and u<c<%@—2m»v@>1 and

@<%u—%mm>1m or

a—1 ab—a—b+3
-1 1 d |(b d \% 1
(3) <a<l and |( <a+ an (c<ab—a+b+1 c>1))
a—1 a—1 ab—a—b+3
= 1 b<1 1
V(b ] and ¢ > )\/(a+1< <1 and <C<ab—a+b—|—1)
ab—a—b+3
1 1
V(ib>1 and (C<ab—a+b—|—1vc> )]
(4) 1<a<3 and [(b<0 and (c<ivi<e< @700 o)
b b ab—a+b+1
- 1
V(b=0 and @<§t§vC>nmu0<b<§:T and
ab—a—b+3 1 1 a—1 1 1
V1 =V —))V(b= d (1 =V =)V
(< g agprivisespVer PVb=gg and (I<e<gve>q))
—1 1 1 —a—
(a+1<b<1 and (l1<c<-V-<c ab—a b+3))\/(b>1 and
a

b b ab—a+b+1
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ab—a—-0+3

1
-V - V 1
ik B0l B
a—1 ab—a—b+3 a—1
5) 3 d |(b 1)vb=
(6) a>3 and [( <oy omd ooy << )V ( |
d <1)\/(a_1<b<1 d (>ab_a_b+3\/ <1)Vv(b>1 and
and ¢ and (c ¢ an
a+1 ab—a+b+1
ab—a—b+3< <1)]
c .
ab—a+b+1 ’
iv) The point F: 3(ab_bg:f+1, ac_bg:frl) is a non-hyperbolic point when

b—a—b
(1) a<—-1 and [(b<1 and (CZZb—Z—I-bI?\/C:l))V(b:l and
1 ab—a—b+3 a—1
1 1))V (1 a== _ 1 _
(c<1Ve>1))V( <b<a—|—1 and (c ab—a+b—|—1\/c )V (b ]
ab—a—b+3
:]_ pu—
and (c Ve ab—a—l—b+1))] or

and c¢=1)V (b>

(2) a=-1 and [(b<1 and (c=%(4—2b)\/c:1))\/(b:1 and

1
(c<1Ve>1)V(b>1 and (025(4—219)\/6:1))] or
a— ab—a—b+3
3) —1<a<1l and [(b<a and (C_ab—a+b+1vc_1))v
a—1 a—1 ab—a—b+3
(b:a+1 and c:l)\/(a+1<b<1 and (C:ab—a+b+1\/C:1)>
ab—a—b+3

Vib=1 and (c<1Ve>1)V(b>1 and (C:ab—a+b+1\/C:1>)] or

1 1
(4) a=1 and [(b<O0 and (c<g\/c>g))v(b=0)\/(b>0 and

(C<%\/C>%))] or

b—a—2> -1
a a +3 1))\/(b—a

a—1

1 — =
(5) 1<a<3 and [(b<a—|— and (c ab—a+b+1vc o
a—1 ab—a—b+3
and =1V (77 <b<1 and (c=T—mg Ve=1)V(
ab—a—b+3
d 1 1 b>1 d = =1
and (¢<1Ve>1)V((b>1 and (c ab—a+b+1vc )] or
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6) a=3 and [(b<0 and (c<~Ve> NVH=0)V(h>0 and

b b
1 1
(C<E\/C>3))] or
a—1 ab—a—b+3 a—1
(7) a>3 and [(b<a+1 and (C_ab—a+b+1vc_1))v(b_a+l
a—1 ab—a—b+3
=1 1 = =1 =1
and ¢ )\/(a+1<b< and (c ab—a—i—b—i—lvc )V (b
b—a—>b
and (c<1Ve>1)V(b>1 and (czl\/czzb_z_i_bi?))].

For the classification of the fixed points for the map (1.1), we conclude that the
most complex one is the point F3 vs. the other fixed points Fpy, F1, Fb.

3.2. Visualization of orbits for the map (1.1). In this part a visualization of
two orbits for the map (1.1) will be given.

Let a = —1.5,b = 2.22431,¢ = 2.5, the positive orbit of (zg,y9) = (0.1,0)
(Definition 2.1) is

~+((0.1,0)) = {(0.1,0), (—0.16,0), (0.2144, 0), (—0.367, 0), (0.416, 0),
(—0.7976,0), (0.56,0), (—1.15,0), (0.399, 0), (—0.757,0), (0.56,0)...}  (3.2)

In fig.1 the graphical presentation of the orbit (3.2) in the x-y plane is shown:

y

1.0+

05+

. . . . I .
-1.0 -0.5 L 0.5

FIGURE 1. Graphical visualization of orbit (3.2) for the map (1.1)
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For the parameters a = —1.5,b = 2.22431, ¢ = 2.5,

1. the point Fy(0,0) has eigenvalues A\; = Ay = a = —1.5 and |\|= [A2|> 1;

2. the point F3(0,—2.5) has eigenvalues \{ =2 —a =35 =a+b—ab=x 4.1
and |)\1‘> 1, |)\2|> 1;

3. the point F5(—2.5,0) has eigenvalues A\ =2 —a =3.5,Aa =a+c—ac=4.75
and |)\1|> 1, |)\2|> 1;

ie. Fy, F1, Fy are repellers (unstable points).

4. But the point F3(—0.6711, —0.8222) has eigenvalues A\; = 2 —a = 3.5, A9 =

atbte—cb-actabe=2 ~ _(),00666 and |A1|> 1,[Ao|< 1 ie. Fjy is a saddle point.

By a small change of the parameter b = 2.32622, for the same values of the
parameters a = —1.5, ¢ = 2.5, the positive orbit of (xq,yo) = (0.1,1073°) is

T((0.1,1073%)) = {(0.1,1073%), (-0.16, —1.749 - 10737),

(0.2144,1.9249 - 10739), (—0.367, —3.919 - 1073Y), (0.416,2.27 - 1073),
(—0.7976, —5.786 - 1073), (0.56, —2.85 - 1073%), (-1.15,8.29 - 1073%),  (3.3)

(0.399,1.15 - 1073Y), (=0.757, —2.8 - 10737), (0.56, —1.133 - 1073°)...}

In fig.2 the graphical presentation of the orbit (3.3) in the x-y plane is shown:
y

2.x102 |

1 1 1 1 | 1 1 1 1 1 1 J
~1.0 J 05 © ® i 05@
—2.x10% |-
—4.x102
—6.x102 |

P -8.x107%°

—1.x1028 L

FIGURE 2. Graphical visualization of orbit (3.3) for the map (1.1)
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For the parameters a = —1.5,b = 2.32622, ¢ = 2.5,

1.the point Fj(0,0) has eigenvalues \j = Ay = a = —1.5 and |A1|= |A2|> 1;

2.the point F1(0,—2.5) has eigenvalues \y =2 —a =35, \a=a+b—ab~r 4.1
and |)\1|> 1, |)\2|> 1;

3. the point F5(—2.5,0) has eigenvalues A} =2 —a = 3.5, \a = a+c—ac=4.75
and [A1|> 1,]A2|> 1;

i.e. Fy, F1, Fy are repellers (unstable points).

4. But the point F3(—0.6885, —0.7787) has eigenvalues A\ = 2 —a = 3.5, \g =

atbte—aboactabe=2 ~ —().033 and [Ai|> 1,|A2|< 1ie. Fjis a saddle point.

3.3. Bifurcation diagrams of map (1.1). From the experimental results which
are made in the mathematical software Mathematica the parameter a appears as a
bifurcation parameter.

In Figure 3 the bifurcation diagram of the map (1.1) is shown where the parame-
ter a is changing in the interval a € [—2, —1] by step 0.005. The values of the other
parameters are b = 2.22431 and ¢ = 2.5. The initial values are (0.1,0).

(Xp ¥l

A

FIGURE 3. Bifurcation diagram of the map (1.1) for a € [-2,—1],
b=2.22431, ¢=2.5 and the initial values (0.1,0)

In Figure 4 the bifurcation diagram of the map (1.1) is shown where the parame-
ter a is changing in the interval a € [—2, —1] by step 0.005. The values of the other
parameters are b = 2.32622 and ¢ = 2.5. The initial values are (0.1,1073°),
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(% ¥n)

FIGURE 4. Bifurcation diagram of the map (1.1) for a € [-2,-1],
b=2.52622, c=2.5 and the initial values (0.1,10739)

4. CONCLUSION

The dynamical analysis of the two-dimensional nonlinear maps is a complex
process that requires a lot of research and a good computer. The two-dimensional
map (1.1) is a nonlinear map which depends on three parameters a, b, c. Therefore,
its dynamics is interesting for analysis. From this dynamical analysis of the map
(1.1), we conclude that the two-dimensional map (1.1) has a complex structure.
For a better picture of the behaviour of the map (1.1) we should make finding
and classification of the character of periodical points, calculation and visualization
of Lyapunov functions, calculations of Lyapunov numbers and visualizations of
Lyapunov spectre, which is left for further research.
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