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Abstract

In this study, we investigate the form of solutions, stability character and asymptotic behavior of the following four rational difference
equations
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such that their solutions are associated with Tribonacci numbers.
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1. Introduction

The applications of the theory of difference equations appear as discrete mathematical models of many phenomena such as in biology,
economics, ecology, control theory, physics, engineering, population dynamics and so forth. Recently, there has been a growing interest in
the study of finding closed-form solutions of difference equations and systems of difference equations. Some of the forms of solutions of
these equations are representable via well-known integer sequences such as Fibonacci numbers, Pell numbers, Lucas numbers and Padovan
numbers. There are many papers on such these studies from several authors [1-17]. For example, in [2], Tollu et al. considered the following
difference equations

1

P n=0,1,..., 1.1
1+x, ' (1.1

Xn+1 = y Yn+l =

1
-1+ Yn ’
such that their solutions are associated with Fibonacci numbers.

Then, in [17], Yazlik et al. studied the following rational difference equation systems

Xn—1 +1 Vn—1 +1

xn+l_n77 yn+1:n77 n:0713"" (12)
YnXn—1 XnYn—1

such that their solutions associated with Padovan numbers.

In [12], Halim concerned with the following systems of rational difference equations

an:%yn’ yn+1:%xn7 n=0,1,.., (1.3)
and

1 1
Xptl = q, Vel = q, n=0,1,..., (1.4)

initial conditions are arbitrary nonzero real numbers.
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In [13], Halim and Bayram investigated the solutions, stability character, and asymptotic behavior of the difference equation

Xn+1 = ) n€N07 (15)

a
ﬁ + VXn—k
where the initial conditions x_z,x_j1,...,xo are nonzero real numbers, such that their solutions are associated to Horadam numbers, which
are generalized Fibonacci numbers.
In [9], Ocalan and Duman considered the following nonlinear difference equation

K1 = 2L =0, (1.6)

n

with any nonzero initial values x_; and xy. Then, they extended their all results to solutions of the following nonlinear recursive equations

Xn—1 p
Xptl = . ,p>0andn=0,1,..., (1.7)
n

with any nonzero initial values x_; and x.
As far as we examine, there is no paper dealing with the following difference equations. Hence, in this study, we deal with the following
difference equations

Xt :m, n=0,1,.., (1.8)
Xpt1 :m, n=0,1,..., (1.9)
Xp+1 :m, n=0,1,..., (1.10)
Xnpl = ! , n=0,1,..., (1.11)

Xn (xnfl + 1) -1

such that their solutions are associated with Tribonacci numbers.
Our aim in this study is to investigate some relationships both between Tribonacci numbers and solutions of above mentioned difference
equations and between the Tribonacci constant and the equilibrium point of these difference equations.

2. Preliminaries

2.1. Linearized stability

Let I be some interval of real numbers and let f : /¥!

is an equation of the form

— I be a continuously differentiable function. A difference equation of order (k+ 1)

Xnt1 = F(Xn, Xn—15 ey Xng), n=0,1,.... 2.1)
A solution of Eq.(2.1) is a sequence {x,,},‘;"sz that satisfies Eq.(2.1) for all n > —k.

Definition 2.1. A solution of Eq.(2.1) that is constant for all n > —k is called an equilibrium solution of Eq.(2.1). If

Xp =X, foralln > —k

is an equilibrium solution of Eq.(2.1), then X is called an equilibrium point, or simply an equilibrium of Eq.(2.1)..

Definition 2.2 (Stability). Let X an equilibrium point of Eq.(2.1).

(a) An equilibrium point X of Eq.(2.1) is called locally stable if, for every € > 0; there exists & > 0 such that if {x,};__, is a solution of
Eq.(2.1) with

|x_x —X| +|x1 g =X+ ...+ |x0 — %] < I,
then
|x, —X| < g, foralln> —k.

(b) An equilibrium point X of Eq.(2.1) is called locally asymptotically stable if, it is locally stable, and if in addition there exists y > 0 such
that if {x,}__, is a solution of Eq.(2.1) with

e =X+ e =X 4w — X <7,
then we have

lim x, =X.
n—soo
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(¢) An equilibrium point X of Eq.(2.1) is called a global attractor if, for every solution {x,}__, of Eq.(2.1), we have
lim x, =X.
n—soo

(d) An equilibrium point X of Eq.(2.1) is called globally asymptotically stable if it is locally stable, and a global attractor.
(e) An equilibrium point X of Eq.(2.1) is called unstable if it is not locally stable.

Suppose that the function f is continuously differentiable in some open neighborhood of an equilibrium point x. Let

d
qi= —f(X,X, wnX), fori=0,1,...k
du;

denote the partial derivative of f(ug,uq,...,u;) with respect to u; evaluated at the equilibrium point X of Eq.(2.1).

Definition 2.3. The equation

Y+l =4qo¥n +q1Yn-1+ -+ qiYn—r, n=0,1,... 2.2
is called the linearized equation of Eq.(2.1) about the equilibrium point X, and the equation

A gk — g A =g =0 (2.3)
is called the characteristic equation of Eq.(2.2) about X.

Theorem 2.4 (The Linearized Stability Theorem). Assume that the function f is a continuously differentiable function defined on some open
neighborhood of an equilibrium point X. Then the following statements are true:

(a) When all the roots of characteristic equation (2.3) have absolute value less than one, then the equilibrium point X of Eq.(2.1) is locally
asymptotically stable.

(b) If at least one root of characteristic equation (2.3) has absolute value greater than one, then the equilibrium point X of Eq.(2.1) is
unstable.

Moreover, the equilibrium point X of Eq.(2.1) is called hyperbolic if no root of characteristic equation (2.3) has absolute value equal to one.
If there exists a root of characteristic equation (2.3) with absolute value equal to one, then the equilibrium ¥ is called nonhyperbolic.

An equilibrium point X of Eq.(2.1) is called a repeller if all roots of characteristic equation (2.3) have absolute value greater than one.

An equilibrium point X of Eq.(2.1) is called a saddle if one of the roots of characteristic equation (2.3) is greater and another is less than one
in absolute value.

2.2. Tribonacci numbers

Now, we give information about Tribonacci numbers that we afterwards need in the paper.
The Tribonacci sequence {7} };,_ is defined by the third-order recurrence relations

T3 =Tht2+ Tit1 +Ths 2.4
with initial conditions Ty = 0, 7} = 1, T, = 1. Also, it can be extended the Tribonacci sequence backward (negative subscripts) as

T =T yi3—T pni2—T py1. (2.5)
It can be clearly obtained that the characteristic equation of (2.4) has the form

Pl —x—1=0 (2.6)
such that the roots

" 14+v/19+3v33+v/19-3V/33
B 3

5 - 1+0v/19+3v33+ 0*V/19-3V/33
B 3

/o 1+ 0?V/19+3v33+ 0v/19-3V/33
- 3

where « is called Tribonacci constant and

—1+iv3
0= %[ =exp(2mi/3)
is a primitive cube root of unity. Therefore, Tribonacci sequence can be expressed using Binet formula

ol n+1 1+1

(@=B)(a=y) (B-a)(B=7) (r—a)(y—PB)
Furthermore, there exist the following limit

T,
lim 2 = o, @.7)
n—eo T,

where r € Z and T,, is the nth Tribonacci number.
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3. Main Results

In this section, we present our main results considering above mentioned difference equations. Our aim is to investigate the general solutions
in explicit form of difference equations and the asymptotic behavior of solutions of difference equations.

3.1. The Difference Equation (1.8)

In this subsection, we consider Eq.(1.8), that is,

1

.  a=01,.,
Xn (-1 —1)—1

Xnt1 =

and investigate the dynamical behavior of solutions of Eq.(1.8).

Theorem 3.1. Let {x,},__, be a solution of Eq.(1.8). Then, forn=0,1,2,..., the form of solutions {x,},__, is given by

T_nx_1x9+ (T,(,,Jrl) + T,(nJrz)) X0 + T,(,Hl)

Xn = , 3.1
T (ny1)X—1X%0+ <Tfn - T—(n+l)) X0 +T (42
where T, is the nth Tribonacci number and the initial conditions x_1, xo € R — F, with F is the forbidden set of Eq.(1.8) given by
F = U,T:71 {(x,l ,Xo) : T,<n+1)x,|x0 + <T,n — T,(,,Jrl))x() +T7(n+2) = O}.
Proof. We will prove this theorem by induction on k. For k = 0, from Eq.(1.8),
o 1 _ 1 - T_1x_1x0+ (T2 +T-3)x0+ T
! xo(x_p =1 =1 x_pxo—xo—1 T ox_1xo+(T-1—T2)x0+T 3
Now, we assume that
T_ix_1x0+ <T7(k+1) + T,(k+2>> X0+ T,(kJrl)
X = (32)
T (kg 1yX—1%0 + (T—k - Tf(k+1)> X0+ T (k12
is true for all 1 < n < k. Hence, we have to prove that it is true for £+ 1. Taking into account (2.5) and (3.2), we have
1
Xl = —F———— 7
T g —D-1
_ 1
T—kx—]X0+(T—(k+l)+T—(k+2))XO+T—(k+1) T—(k—l)xflx[)+(T—k+T—(k+l))XO+T—k —1) -1
T_ %150+ (T k=T (k1) ) Yo+ T (k42) Tx 1o+ (T ety =Tk )Xo+ T— i)
T_(ky1)X—1X0 + (Tfk - T—(k+1)> X0 +T_(r12)
(T—(k—l) —T - T—(k+1)) x_1x0 + (T—(k+1) - T—(k+2)> X0+ Tk =T (k1) = T—(k42)
T (jryX—1X0+ (Tf(mz) + Tf(k+3)> X0+ T (k12
T (k12)%—1X0 + (Tf(k+1) - T—(k+2)) X0+ T (k43)
which ends the induction and the proof.
Theorem 3.2. Eq.(1.8) has unique positive equilibrium point X = @ and & is a repeller point.
Proof. Equilibrium point of Eq.(1.8) satisfy the equation
_ 1
X=———.
x(x—1)—1
After simplification, we get the following cubic equation
- -3x—1=0. (3.3)

The cubic equation (3.3) is the characteristic equation of the recurrence relation of the Tribonacci numbers in (2.6) having the unique real
root &. Therefore, the unique positive equilibrium point of Eq.(1.8) is x = «.

Now, we indicate that the equilibrium point of Eq.(1.8) is repeller point.

Let / be an interval of real numbers and

f: P

be a continuous function defined by

1
fxy) = o-n-1
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Therefore, it follows that
Af(ey) (1)
dx (-1 -1*
af (.X,y) — X
Iy (xy—1)-1)?
Then, from (3.3)
Ifxx%) _ —(a=1)
dx (a(@—1)—1)*
_ l—o
(2—a—1)°
l-a
=
(a)
B B
=—(a+1),
af (%,X) —o
dy (a(a—1)—1)*
_ —a
(2—a—1)°
- -
=3
(%)
= 7053,
and the linearized equation of Eq.(1.8) about X = ¢ is
Znp1 = — (0 + 1)z, + (—063) Zn—1
or equivalently
Znp1 (a0 + 1)z + 0z, 1 =0,
Therefore, the corresponding characteristic polynomial is
A+ (a+1)A+a®=0.
Then, from Theorem (2.4), it is clearly seen that
o= —(a+ D) xvV—4ad+a2+2a+1
12= 2
and numerically
—(a+1 —4a’3+az+2a+1
ll|—’ (@t 1)+ > rortrat =2,4944 > 1
—(a+1)—vV—-403 +a?+20+1
m—‘ (a+D)-V e X CIES]
So, the equilibrium point ¢ is a repeller point. This completes the proof.
3.2. The Difference Equation (1.9)
In this subsection, we study Eq.(1.9), that is,
! 0,1
Xpy1 = ———————, n=0,1,..,
i X (Xp—1 +1)+1
and examine the dynamical behavior of solutions of Eq.(1.9).
Theorem 3.3. Let {x,},__; be a solution of Eq.(1.9). Then, forn=0,1,2,..., the form of solutions {x,}.__, is given by
X Ty—1x_1X%0 + (Tpg1 — Tn) o + T (3.4)

" Thx_1x0 + (Tn—l +Tn)xO+Tn+1 ’

where Ty, is the nth Tribonacci number and the initial conditions x_1, xg € R — F, with F is the forbidden set of Eq.(1.9) given by

b= U::—l {(xflvxo) cThx_1xo+ (T—1 +Tn) xo + Ty = 0}-
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Proof. (First proof) Now, we give the proof with an analytic approach. We make the substitution

xp = =1 3.5)
tn

in Eq.(1.9) to get the linear difference equation. Then, we have

Int1 =ty +p—1 +1y—2.

By using same operations in Theorem 2.1. in [10] such that a = b = ¢ = 1, we obtain the initial values of three sequences are defined
an = aan—1 +bay_o +cay—3,

by, = ay+1 —aay,

Cp = Cdp—1,

such that

ap =1,
by =0,
co =0,

(3.6)

[SEEEN S
LLL
Il
S = o
G‘W‘Q
SRR
Il

Next, we get
th = apty + (apy1 —aap)t_y +ca, t_s.
Soa=b=c=1 and from (3.5), we obtain

_ayox 1xp+(an—ay_1)xo+ay 1
Qp—1X—1X0 + (an-H - an)xo +an

Xn

or equivalently

Ay ox X+ (an—ap_1)Xo+an1
= .
ap 1% 1X0 + (@n—1 +an—2) X0 +an

From initial values (3.6) and definitions of sequences a, and T, we have

an = Tn+1 5

with the backward shifted initial values of the sequence a,. Hence, we obtain

X = Th—1x-1x0 + (Tn+1 - Tn)XO + Ty
" Tnx,lxo—l-(Tn,l—FTn)xo—O—TnJr] '

So, the proof is complete.

Proof. (Second proof) We will prove this theorem by induction on k. For k = 0, from Eq.(1.9),
_ 1 B 1 _ Tox—1xo+ (B —T)x+ T

1 XQ(X_1+1)+1 x_1x0+x0+1 Tlx_]x0+(T0+T1)x0+T2.

X

Now, we assume that

_ T—1x 10+ (Tegr — Ti) xo + Tk

- Teeaxo+ (Tt +T) xo + Tipr

is true for all 1 <n < k. Hence, we have to prove that it is true for £+ 1. Taking into account (2.4) and (3.7), we have
1

X (o +1)+1

3.7)

Xk

Xk+1

1

B (77<71X71X0+(Tk+1*Tk)X0+Tk> (nfzxflxoﬂnfnfl)xomfl +1>+1
Tiex—1%0+(Te—1+Tic ) %0+ Tt 1 Tr—1x_1x0+ (T2 +Ti—1)xo+Tx

Tix 120 + (Te—1 + Ti) X0 + T
(Te—2+Ti1 + Ti) x—1%0 + (T + Ti1) X0 + Ti—1 + Tic + Tii
~ Texaxo 4 (Tey2 — Ti1) Xo + Tt
- Tipx-1%0+ (T4 Tirn) X0 + T
which ends the induction and the proof.
Proof. (Third proof) Consider Eq.(1.9) by taking n =0, 1,2, ... as follows:

n=0 = X1 = m,
n=1 = xn= f’,&?ff?ﬂ‘y
n=2 = x=E
n=3 = x=pouesies
n=5 = N = G n

If we keep on this process and also regard (2.4), then the solution in (3.4) directly follows from a simple induction.
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Theorem 3.4. Eq.(1.9) has unique positive equilibrium point X = a and a is locally asymptotically stable.
Proof. Equilibrium point of Eq.(1.9) is the real roots of the equation

_ 1
TTREED AL
After simplification, we get the following cubic equation

P+ +x—1=0. (3.8)

Then, the roots of the cubic equation (3.8) are given by

14333+ 17 - /3V/33 - 17

3

y_ —LH V333417 -0 V3V33 17
- . ,
1+ 0*V/3V33+17 - 0V/3V33 17

c= 3 N

where

0= ﬂ =exp(2mi/3)

2

is a primitive cube root of unity. So, the root a is only real number. Therefore, the unique positive equilibrium point of Eq.(1.9) is ¥ = a.
Now, we show that the equilibrium point of Eq.(1.9) is locally asymptotically stable.
Let I be an interval of real numbers and consider the function

firP=I
defined by

1

flxy) = FCESIES R

The linearized equation of Eq.(1.9) about the equilibrium point X = a is

Zn+1 = PZn +9Zn—1,

where
_dfxx) _ —(atl)
P= 0 T a1 b
_dfxx) _ —a __ 3
dy (a(a+1)+1)* '

and the corresponding characteristic equation is
A2+ (1—a)d+d° =0.
Therefore, from Theorem (2.4), it is easily seen that

a—1+vV—-4a3+a? —2a+1

M= 5

and numerically
|A1] = |A2] = 0,40089 < 1.
This completes the proof.

Theorem 3.5. The equilibrium point of Eq.(1.9) is globally asymptotically stable.

Proof. Let {x,,}nz_1 be a solution of Eq.(1.9). By Theorem 3.4., we need only to prove that the equilibrium point a is global attractor, that is

lim x, = a.
n—soo
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From (3.4), (2.6) and (2.7), it follows that

. o Lo+ (T —T)xo+ Ty
lim x,, = lim
n—soo n—eo Tyx_1x0 + (Tn,1 -+ T,,)xo -+ Tn+1

T, n n
) T, (X—IXO‘F(T;: 77."7:]))604*7{7])
= lim T T
T, <x71/‘70+(7£l +1>x0+%])

<x1x0+(a2—a)xo+oc> Y
= lim

x_1xo+(é+1)x0+oc n—eo Ty
— Jim 22!
n—eo T,
1
T a
=d.

The proof is complete.
3.3. The Difference Equation (1.10)

In this subsection, we take into account Eq.(1.10), that is,

-1

. a=01,.,
Xn (xn—l - 1)+1

Xn+1 =

and analyze the dynamical behavior of solutions of Eq.(1.10).

Theorem 3.6. Let {x,},__; be a solution of Eq.(1.10). Then, for n=0,1,2,..., the form of solutions {x, },__, is given by

—(T—x—1x0+ (T =Ty 1) X0+ 1)
Tox_1x0 — (Tnfl + T,,)xo + Tn+1

Xn =

where Ty, is the nth Tribonacci number and the initial conditions x_1, xy € R — F, with F is the forbidden set of Eq.(1.10) given by

Fy=U;__ {(x—1,%0) : Thx_1x0 — (T,—1 + Tn) x0 + Ty 1 = 0}.
Proof. (First proof) We will prove this theorem by induction on k. For k = 0, from Eq.(1.10),

_ —1 _ —1 - (Tox—1x0+ (T1 — Ta)xo + T1)
XQ(X_]71)+1 x_1x0—x0+1 Tlx_]xOf(TQ+T1)xO+T2

X1

Now, we assume that

M (Ti—1x—1x0 + (Tx — Tie1) %0 + T)
Tix—1x0 — (Tp—1 + Ti) x0 + T a1

is true for all 1 < n < k. Hence, we have to prove that it is true for £+ 1. Taking into account (2.4) and (3.10), we have
-1
Xpy] = ————————
T g -+ 1
-1

o (_(Tk—lx—lxo+(n_Tk+l>X0+77c) (_(n—ZX—lX0+<77<—]_T}c)XU‘FTk—l) _ 1) +1
Tix—1X0—(Ti 1 +Ti ) X0+ Tkt 1 Ti1x—1x0—(Ti2+Ti—1)x0+Tk

= (Tx—1x0 — (Ti—1 + Ti) %0 + Tiy1)
(Th—a +Ti—1 +Ti) x—1x0 — (Ti + T 1) %o + Ti—1 + T + Tip
= (Tex—1x0 + (Tey1 — Tevo) Xo + Tier1)
 Tix—1x0 — (Te+ Tieg 1) %o + it

which ends the induction and the proof.
Proof. (Second proof) Consider Eq.(1.10) by taking n =0, 1,2, ... as follows:

—1

n=0 = X = et
n=1 = xg=-Crenil
n=2 = X3 = %,
n= = X4 = %,
n=4 = xs= g,
n=5 o o= pemoatl)

If we keep on this process and also regard (2.4), then the solution in (3.9) directly follows from a simple induction.

(3.9)

(3.10)
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Theorem 3.7. Eq.(1.10) has unique negative equilibrium point X = d and d is locally asymptotically stable.
Proof. Equilibrium point of Eq.(1.10) is the real roots of the equation

-1
Xx-—1+1

X=
After simplification, we get the following cubic equation
P +x+1=0. (3.11)
Then, the roots of the cubic equation (3.11) are given by

C14+V/3V33 17— V/3V33+ 17

d

3
o H0V3VEB-17-0?V3V33+17
= 3 ,

. 1+ 0*V/3v33 - 17— 0v/3V33+17
- . ,

where

—14+iV3
0=—F—

3 =exp(27i/3)

is a primitive cube root of unity. So, the root d is only real number. Therefore, the unique negative equilibrium point of Eq.(1.10) is ¥ = d.
Now, we show that the unique negative equilibrium point of Eq.(1.10) is locally asymptotically stable.
Let I = (0,0) and consider the function

f:I2 — 1
defined by
fen =
Xy)=——"—.
Y x(y—1)+1

The linearized equation of Eq.(1.10) about the equilibrium point X = d is

Zn+1 = PZn T 9Zn—1»
where, from (3.11),

Af(%%) d—1 d—1 d—1

pP= ox :(d(dfl)ﬁ’l)zz(dz—d+1)2:(—$)2:7(d+1),
q:af(x,x) _ d _ d _ . d A
dy dd=1)+1)* (@2-d+1)> (=) 7

and the corresponding characteristic equation is
AMrd+1)r—d*=0.
Therefore, from Theorem (2.4), it is easily seen that

—(d+1)E VAP +d*+2d + 1

Mo = 5

and numerically
|A1] = |A2] = 0,40089 < 1.
So, this completes the proof.

Theorem 3.8. The equilibrium point of Eq.(1.10) is globally asymptotically stable.

Proof. Let {xn}n27 1 be a solution of Eq.(1.10). By Theorem 3.7., we need only to prove that the equilibrium point d is global attractor, that
is

lim x,, =d.
n—soo
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From (3.9), (2.6) and (2.7), it follows that

. T 7(Tn71x71x0+(Tn7Tn+l)x0+Tn)
lim x,, = lim
n—soo n—eo  Tox_1x0 — (Th—1 + Tn) x0 + Tt
(B (ot (- )0t 1))
= lim

n—ree T, (x,lx()— (T;n' +1)x0+T"T—:')

-~ x,1x0+(a—oc2)xo+oc ; —Th1
N x_1XQ*<é+1)x0+(X n—eo Ty

= lim 2!
n—yoo h
R
I
—d.

The proof is complete.
3.4. The Difference Equation (1.11)

In this subsection, we take into account Eq.(1.11), that is,

-1

- a=01,..,
Xn (xn—l +1)_1 '

Xn+1 =

and analyze the dynamical behavior of solutions of Eq.(1.11).

Theorem 3.9. Let {x,},__, be a solution of Eq.(1.11). Then, forn=0,1,2, ..., the form of solutions {x,},,_q_, is given by

. — (T,nx,lxo — (Tf(nJrl) + Tf(n+2)> Xo + T*('lJrl)) ’ (3.12)

T_(ny1)X—1%0 + (Tf(nJrl) - T—n) x0+T_(;12)

where T, is the nth Tribonacci number and the initial conditions x_1, xo € R — F, with F is the forbidden set of Eq.(1.11) given by

Fy= szfl {(x_l ,X0) T,<n+1)x_1x0 + <T7(n+1) — T_n)xo +T7(n+2) = 0}
Proof. We will prove this theorem by induction on k. For £ = 0, from Eq.(1.11),

= -1 _ -1 _ (T_lx_le(T_2+T_3)XO+T_2)
! xo(xo1+1) =1 x_1xp+x9—1 T ox 1 xo+(T2—T-1)xo+T-3

Now, we assume that

- (T,kx_lxo - (T,(k“) + T,<k+2)> X0+ T,<k+1>)

T_(ky1yX—1%0+ (T—(k+l) - T—k) X0 + T (k12)

Xp = (3.13)

is true for all 1 < n < k. Hence, we have to prove that it is true for k + 1. Taking into account (2.5) and (3.13), we have

-1
X (-1 +1) = 1

Xk+1
-1

= 7(T,kx,]Xo*(T,(kA1)+T,(k+2)))C(H*T,(,H])) 7(T,(k,I)X,]Xof(T7k+T,(k+]))X0+T,k) +1 1
T—(k+l)X71x0+(T—(k+])7T*k)XO+T—(k+2) Tka—]XO“"(T—k*T—(k—]))X(H’T—(kﬂ)

- (Tf(kJrl)x—le - <T7(k+2) + T7<k+3>) X0+ Tf(k+2))

(T—(k—l) — T,k — T—(k-H)) X_1X0+ <T—(k+2) - T—(k-H)) X0+ T,k - T—(k-H) — T—(k+2)

- (T—(k+l)x71x0 - (T—(k+2) + T—(k+3)> X0+ T—(k+2)>

T (ky2)X—1X0 + (T—(k+2) - Tf(k+1)) X0+ T (143

5

which ends the induction and the proof.

Theorem 3.10. Eq.(1.11) has unique negative equilibrium point X = a and a unstable.
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Proof. Equilibrium point of Eq.(1.11) satisfies the equation

-1
After simplification, we get the following cubic equation
P4 —x+1=0. (3.14)
Then, the roots of the cubic equation (3.14) are given by

. ~1-v/19+3v33-V19-3V33

3
L —1-0oV1943v33 - 0?19 -3V33
— : )
L “1-@*v19+3v33—0v/19—- 333
— : .
where
0= %\/5 =exp(27i/3)

is a primitive cube root of unity. So, the root g is only real number. Therefore, the unique negative equilibrium point of Eq.(1.11) isX = g.
Now, we indicate that the negative equilibrium point of Eq.(1.11) is unstable.
Let I be an interval of real numbers and

firP=I
be a continuous function defined by

-1

fxy) = oFD-1

Therefore, it follows that

of vy) _ v+l
dx ) -1F
9f (x.y) x

dy (x(y+1)—1)7*
Then, from (3.14)

af (%,x) g+1
dIx  (g(g+1)-1)
_ 8+l
(&+g-1)°
g+1
2
(-+)
—Pig
=g—1
af (%,%) g

=g,
and the linearized equation of Eq.(1.11) about X = g is
i1 = (8= D) zn+ 83201

or equivalently

Zn+1 — (g* I)Zn*g3zn—l =0.
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Therefore, the corresponding characteristic polynomial is

A—(g-Dr—g=o.

Then, from Theorem (2.4), it is clearly seen that

Mo =

(g— 1)+ /483 +g2—2g+1
2

and numerically

A1| = A2 =2,4944 > 1.

So, the equilibrium point g is unstable. This completes the proof.
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