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Abstract: In this paper, we study the qualitative behavior of solutions for a general class of
difference equations. The criteria of local and global stability, boundedness and periodicity character
(with period 2k) of the solution are established. Moreover, by applying our general results on a
population model with two age classes, we establish the qualitative behavior of solutions of this
model. To support our results, we introduce some numerical examples.
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1. Introduction

The difference equations appear when modeling many natural phenomena in many branches
of science. In fact, there are numerous applications for difference equations in queuing problems,
statistical problems, combinatorial analysis, stochastic time series, number theory, geometry, electrical
networks, probability theory, quanta in radiation, psychology, genetics in biology, sociology, economics,
see References [1-8].

One interesting example for both facts is Riccati difference equations

a+bJ,
c+dfy’

]n+1 =

where a,b,c,d and ]y are real numbers. The richness of the dynamics of Riccati equations is very
well-known [9], and a specific case of these equations provides the classical Beverton-Holt model on
the dynamics of exploited fish populations [10]. As an example of a map generated by a simple model
for frequency dependent natural selection, May [11] introduced the difference equation

]nel”“*z]n)
1 Ju+ Jueh =207

)

]nJrl =
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where y € (0,00). May studied the local stability of the positive equilibrium point J* = 1/2. Moreover,
Kocic et al. [12] investigated the oscillation and the global asymptotic stability of Equation (1).

Furthermore, in Reference [13], Franke studied the global attractively and convergence to a
two-cycle of the population model with two age classes

In+1: ]n
{ Jnt1 = ]nfleri(I"JrKI")/ @

where 7, x € (0,00), and he proved that equilibrium point of system (2) is a global attractor if r < 1
and x < 1. He also proved that every solution of system (2) is periodic with period two if ¥ < 1 and
x = 1. In view of this, Kulenovic et al. [14] established the following conjecture:

Definition 1. Assume that r € (0,00). Every positive solution of the population model

Jus1 = Ju—ye!~Unttl) ®)
converges to a period-two solution.

For many results, applications and open problems on higher-order equations and difference
systems, see References [1-37].
This paper is concerned with investigation of the asymptotic behavior of the solutions of a general
class of difference equation
Jar1 = aJy-r e Ul @

where a is positive real number, the function f (1,v) : (0,00)? — [0, 00) is continuous real function and
homogenous with degree one and the initial conditions J_1, Jp are positive real numbers.

The main reason for studying this general Equation is that its solutions have a peculiar periodicity
character (with period-even) and it also involves a population model with two age classes (3), as a
special case. One purpose of this paper is to further complement the results of Reference [13] for
periodic solutions of the population model (2). In Section 3, we state a new necessary and sufficient
condition for locally asymptotically stable of the population model (2). Also, we will confirm that
the population model (2) has periodic solutions of a prime period 2k, k = 0,1, ..., (this means that
Definition 1 is not accurate).

Furthermore, we introduce general theorems in order to study the asymptotic behavior of
Equation (4). Namely, we give a complete picture regarding the local stability of equilibrium point, and
we study the global stability and boundedness nature of the solutions. Also, we study the existence of
periodic solutions of a prime period 2k. Moreover, we apply our results on the population model (2).
Finally, we gave many numerical examples to support our results.

Consider the the difference equation

Jor1=¢ (]n/]nfl) ’ ®)

where ¢ (x,y) : (0, 00)2 — [0,00) is continuous real function and J_1, Jp are positive real numbers.
The linearized Equation associated with (5) about the equilibrium point J*

Zy+1 = PZn + qGZp—1.
Theorem 1. Assume that A1 and A, are roots of the quadratic equation

A2 —pA—g=0.



Mathematics 2020, 8, 516 30f13

We have one of the following cases for stability:

(@) If M| < land|Ay| <1, then J* is locally asymptotically stable;

(b) Ifeither |A1| > 1or |Ay| > 1, then J* is unstable;

(c) The point J* is locally asymptotically stable and sink if and only if (a) halds and |p| <1—q < 2;

(d) The point J* is a repeller, that is |A1| > 1 and |Ay| > 1, ifand only if |q| > 1and |p| < |1 —q|;

(e) The point J* is a saddle point, that is only one of |A1| > 1and |Ay| > 1is holds, if and only is p* +4q > 0
and |p| > |1 —q;

() The point J* is a nonhyperbolic point, that is either |A1| = 1 or |Ay| = 1, if and only if |p| = |1 — q]| or
g=—1and |p| <2.

2. Dynamics of Equation (4)

2.1. Stability and Boundedness of Equation (4)

In the next, we state a necessary and sufficient condition for locally asymptotically stable of
equilibrium point of Equation (4). For our next considerations, we define the function @ : (0, oo)2 —
(0, 00) by

P (u,v):=av e f(uo), (6)

An equilibrium point of Equation (6) is a point [* such that J* = & (J*, ]J*). Then, the equilibrium

point of Equation (4) is given by J* = a J* e /"f(11). Hence

T (1 - ae*]*f(l'l)) =0,

which means that

* * 1
]zOor]:f(ll)ln(a),a>1. (7)
The linearized Equation of (4) of J* is
Zn+1 — HuZn — PoZn-1 =0, (8)

where s = @, (J*,]*), s = u,v. A linear Equation will be called stable, asymptotically stable, or
unstable provided that the zero equilibrium has that property. From (6), we get

D, (u,0) = —ave SO f, (u,v) )

and
@, (1,0) = (1 =0 fy (u,0)) ae FH0), (10)

In the next theorems, we study the asymptotic stability for (4).

Theorem 2. For local stability of the equilibrium point [* = 0 of Equation (4), we have the following cases:

(1) Ifa <1, then J* is locally asymptotically stable and sink;
(2) Ifa>1,then J* is unstable and repeller;
(3) Ifa =1, then J* is nonhyperbolic point.

Proof. If we put J* = 0in (9) and (10), then we have y;, = 0 and y, = a. Thus, the roots of characteristic
Equation A2 —g=0of Equation (8) is A1, = £+/a. Then, from Reference ([14], Theorem 1.1.1), we
have that (1)-(3) hold. O

Theorem 3. For local stability of the equilibrium point J* = % In(a), a > 1, of Equation (4), we have the

(1L1)
following cases:
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(1) Equilibrium point [* is locally asymptotically stable and sink if and only if

2
‘“‘ < (’)/_‘X) < h‘l(&l)')/, (11)
(2) Equilibrium point [* is unstable saddle point if and only if
(x>max{hf(7a)( 1n(a)—1), |fy—1x|} or 12
2
a < —mm{% ( In (a) —1), |'y—¢x|};
(8) Equilibrium point J* is unstable and repeller if and only if « — || > 7, or
2y
In(a) > ——and |a|+a<7; (13)
(4) Equilibrium point J* is nonhyperbolic point if and only if & = %’y, or
In(a) = ryzj“ and a« < %fy, (14)

where w = f,, (1,1) and v = f (1,1).

Proof. Since f homogenous with degree one, we have from Reference [19] that f,, and f, homogenous
with degree zero and hence

_ * _—J*f(1, __fll(lll) __ﬁ
Py = —aj’e s 1)fu (1L,1) = F1,1) In (a) = 'Yln (a) (15)
and
w=(1-Lnw), (16)

where B = f, (1,1). Thus, the characteristic Equation of (8) is
A — A — iy = 0. (17)

Also, from Euler’s homogeneous function theorem, we have uf, + vf, = f,and hencea + =y
(at (u,v) = (1,1)).

For Case (1), we assume that (11) holds. Then

My'ln(a) < gln(a) < 2.

Combining (15) and (16), we obtain
|]/lu| <1_]/ly<2.

Therefore, by using Reference ([14], Theorem 1.1.1-(c)), we have that [* is a locally asymptotically
stable and sink.
For Case (2), we let (12) holds. If « > 0, we get

aln (a) > 2fy< In (a) 1)



Mathematics 2020, 8, 516 50f 13

and so, aIn (a) + 2y > 2+/In (a). Therefore

0 < a2In?(a) +49° +4ayln(a) — 49*In (a)
= a*In®(a) +49* +4(a —7)yIn(a)
= «%In”(a) +4 (72 —Byln (a)) ,

or
0(2

= In?(a +4<1—‘Blna)>0. (18)
-z I (@) o n (@)
From (12), we see also that & > |y — «|. Hence |a| > |B| which implies that

iln(a)>‘1—(1—§1n(a))‘. (19)

From (18) and (19), we get u2 + 4y, > 0 and |py| > |1 — po|. The case a < 0 can be proved,
similarly. Therefore, by Reference ([14], Theorem 1.1.1-(e)), we have that J* is an unstable
saddle point.

For Case (3), we suppose that (13) holds. If 3 > 0, thenf = v —a > % and so, || > 1.
Also, |a| < v —a = B. This implies |p,| > 1 and |py| < |1 — py|. The case p < 0 can be proved,
similarly. Therefore, and from Reference ([14], Theorem 1.1.1-(d)), we have that J* is an unstable
and repeller.

For Case (4), we assume that « = 3 = B. Then, from (15) and (16), we obtain |p,| = |1 — pio|.
On the other hand, if (14) holds, then ¢y —a = g = lfga ] and hence y, = —1. Also, a < f = h?& )
and so, || < 2. From Reference ([14], Theorem 1.1.1-(f)), we have that [* is a nonhyperbolic
point. The proof of the theorem is complete.

O

In the following theorems, we study the boundedness of the solutions of Equation (4).
Theorem 4. Assume that a € (0,1]. Then every solution of Equation (4) is bounded and
0<Ju <max{J_1, o}, (20)
foralln > 0.
Proof. Assume that {J,},  _; is a solution of Equation (4). From (4) and f (u,v) > 0, we note that
Jos1 = aJy_efUrlt) <a, 4.

Since a < 1, we get J,4+1 < J,—1. Thus, we can divide the sequence { ]n};,'o:,l to two bounded
above subsequence by the initial conditions as

J-1
Jo

Ji
J2

2 on1 > Jong1 =,
o2 Jon 2 g2 =

ARV
vV IV

Hence, we see that J, < max{]_1, Jo} for all n > 0. The proof of the theorem is complete. [

Theorem 5. Assume that there exists a constant 6 > 0 such that f (u,v) > dv. Then every solution of

Equation (4) is bounded and
a
0 < — 21
< ]11 — 5e/ ( )
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foralln > 0.

Proof. Assume that {],,}5. _; is a solution of Equation (4). By using the fact that ue ** < 1/)e and
f (u,v) > v, we obtain

Jui1 = afy_qefUnla) < g et < 51,
e

for all n > —1. Then every solution of Equation (4) is bounded. The proof of the theorem
is complete. [

Theorem 6. Assume that there exists a constant 6 > 0 such that f (u,v) > 6v, fu (u,v) < 0and f, (u,v) <
de/a. Then every positive solution of Equation (4) converges to [*.

Proof. First, we consider the function ® : (0,00)? — (0, c0) defined as (6). From (9) and (10), if f,, < 0
and f, < de/a, then we conclude that ® (1, v) is non-decreasing in each of its arguments. Now, we
will verify that the function ® satisfies the negative feedback condition

(J=T)(®(,])=]) <0 forall ] € (0,00) \ {J"}. (22)

Let ] < J*, then
Jf(1,1) <Ina

and so,
ae SO 5, (23)

Since f (1, v) homogenous with degree one, we have Jf (1,1) = f (], ]) and hence (23) becomes
®(J,])—]>0.

Similarly, if ] > J*, then we have (®(],]) —J) < 0. Thus, the function ® satisfies the
condition (22). Therefore, from Reference ([14], Theorem 1.4.1), every positive solution of Equation (4)
converges to [*. The proof of the theorem is complete. [

2.2. The Existence of Periodic Solutions

Here, we investigate the periodicity character of the solution for Equation (4).

Lemma 1. Assume that {],}, 1 is a solution of Equation (4). Then,

k—1
Tosok = @ exp <— Y. f (]m+2i+1r]m+2i)> . (24)
i=0

Proof. Let {J,},  _; is a solution of Equation (4). From Equation (4), we have

Jmik = @ Jmg2k—28XP (—f ms2k—1, Jms2x—2))

= @ Jurok-aexp (—f (Jmrok—3 Jnr2k—a) — f Tms2k—1, Tmr2k—2))

and so on, we find
' k—1
Jimt2k = a" Jm exp <— Zf(]m+2i+11]m+2i)> .
i=0

The proof of the lemma is complete. [J
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Theorem 7. Assume that a > 1, {],},__; is a solution of Equation (4) and there exists a couple of integers
n > —1and k > 0 such that

k=2

(616) Y f Uesy2i+1, Jeans2i) + D =k 1In(a), fore =0,1, (25)
i=0

where

1 k#1
D=f (];7+(1—e)(2k71)/]17+2k—2+e> and 01y = { 0 k 7: 1

Then {Ju },.__4 is an eventually periodic solution with period 2k.

Proof. Assume that there exists an integer number 7 > —1 such that (25) holds. First, from (25),
we have

k-1
Y f Ups2it1s Jy+2i) = k In(a) (26)
i=0
and
k-2
f (Tysaiv2, Jysaiv1) + f (];7,];7+2k71> =kIn(a). (27)
i=0

Now, from Lemma 1, we get
. k—1
Jpv2k = aJyexp | — Zf(]n+2i+1/];7+2i)
i=0

k=1
= Jyexp (kln (a) =) f (Iiy+2i+1/]r]+2i)> .
i=0

Using (26), we obtain [, .o = J;. Also, from Lemma 1, we see that

k-2
Jys2ke1 = a"Jy11 exp (‘ Y. f Upszivar Tyraiv1) — f (]17+2k, ]77+2k1)> :
i=0

Since J;; 12k = Jy and from (27), we get

k=2
Jyr2k1 = Jpr1exp (kln (@) = Y f Uysziva Jyraiv1) — f (]q,]q+2k1))
i=0
= ]17+l'
Similarly, we can prove that

Jyrovkss = Jugs foralls =0,1,...,(2k—1) andv=1,2,... .

Thus, the sequence {], }__; converges to a prime period 2k solutions. The proof of the theorem
is complete. O

Corollary 1. Assume that {],},.__; is a solution of Equation (4). If

f o J-1) = f(J-1,]o) =Ina,

then {Jn},_ 4 is an eventually periodic solution with period 2k.
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In the next theorem, we state a new necessary and sufficient condition for periodic solutions of a
period two.

Theorem 8. Equation (4) has a period two solution {...,to,o,to,0,...} ifand only if

1
f(1)=f(1,1) = Eln(a). (28)
Proof. Let Equation (4) has a solution of period two ...,p,0,p,0,.... Hence, we have

p = @(o,0)=ape
o = ®(p,0)=ace SO

Then, we obtain f (p,0) = f (0, p) and hence (28) holds, where t = p/c. Next, if (28) holds, then
we choose | 1 =tIn(a) /f(t,1),Jo=1In(a) /f(1,t), t € (0,00) and t # 1. Thus,

fUoJ1) = f<ln(a) tln(”)):f<ln(a) tln(a))

e}
n=-—1

Similarly, we can prove that f (J_1, Jo) = In (a). Hence, by Corollary 1, it is clear that {],, }
converges to a prime period two solution. The proof of the theorem is complete. [

3. A Population Model

Difference equations have been widely used as mathematical models for describing real life
situations in biology. In this section, we study the discrete model with two age classes, adults and
juveniles (2) where r,x € (0, 00). Expression exp (r — (I, + a],)) represents reproduction rate and is
a decreasing exponential which captures the over crowding phenomenon as the population grows.
To apply our results, we set system (2) as the following

Joi1 = ]n_lerf(K]nJr]n—l). (29)

By compared with (4), we note that 2 = e” and f (u,v) = xu + v. Thus, we have that y =
f(1,1) =x+1, « = f,(1,1) = x. Equilibrium points of Equation (29) are [* = 0 and positive
equilibrium J* = r/ (x + 1). From Theorem 2, J* = 0 is an unstable and repeller where a = e” > 1 for
r>0.

For locally asymptotically stable of equilibrium point J* = r/ (x + 1) of Equation (29), we have
the next theorem.

Corollary 2. We have the following cases:

Equilibrium point [* is locally asymptotically stable and sink if and only if k < 1 < % (k+1).
Equilibrium point J* is unstable saddle point if and only if x > 1.

Equilibrium point [* is unstable and repeller if and only if x < Landr > 2 (x +1).
Equilibrium point J* is nonhyperbolic point if and only ifx = 1, 0rk < landr =2 (x +1).

s L =

Proof. The proof is immediate (from Theorem 3) and hence is omitted. [
Corollary 3. Every solution of Equation (2) is bounded and 0 < ], < "1 forall n > 0.

Proof. Since f (1,v) = ku+v > v for all u € [0,0), we have that, from Theorem 5, every solution of
Equation (2) is bounded and 0 < J, < a/e = e~1 and hence the proof is complete. [
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Now, we give the periodicity character of the solution for Equation (29).

Corollary 4. Assume that {],};__; is a solution of Equation (29) and x = 1. If there exists a positive integer

number 1 such that
2k—1

Y Ty =k, (30)
i=0
then {Jn },_ 4 converges to a prime period 2k solution.

Remark 1. Note that, from Corollary 4, if ]_1 + Jo = r, then the solution {],},__, of Equation (4) is a
period-two solution.

Theorem 9. If the solution {J,},__; of Equation (29) when x = 1, converges to a period-two
{..., A, r=A A1 —A,.. .} then

r—A _
Jo="—"]e ", (31)

where A € (0,7).
Proof. From (29), we have

]n+1 = ]nfl exp (1’ - (]n + ]nfl))
= Ju=3 exp (27 - (]n + Ju—1+ Ju—2 + ]n73))

and so on, we obtain that

Jos1 = Ju—2pr1exp (Br — (Ja+Ju—1+ ...+ Ju—2p+1))
2-1

= Ju g1 (,Br— y ],H-> ,B=0,1,..., [g} +1. (32)
i=0

Assume that (4) has a period two solution ..., p,q,p, g, ... [from Corollary 4, we have (p +g) = r].
If J_1 + Jo = r, then by choosing A = J_1, we get that (7) holds. Now, we assume that |_1 + Jo # 1,
Jy # 4, Jy+1 = pand J; 12 = g (17 even). From (32), we have

26—1
Jp+1 = Jy—2p+1€xp (ﬁ?’ Z ]111') .
i=0
Ifweputp = % + 1, we find

Ui
Jy+1 = J-1exp ((Z + 1) r— ‘Z ]1-> ) (33)

i=—1
Also,
7 n+1
Jy2=Joexp | (2+1)r= YL Ji ) (34)
2 i=0
Combining (33) and (34), we obtain

i ]i=(g+1)r—ln <]”> (35)

i=—1 -1
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and )
n+
(1 _m(a
EOJ, (2+1)r 1n(]0). (36)
Therefore, by (35) and (36), we get
n+1 U
P q
i i = In{-— ) —-In{ =+
g] i:Z_:1] (]—1) (IO)
and so,

= La=tn (2.

Hence,
r—-p -
Jo=——]-1e" /"L
p

The proof of the theorem is complete. []

4. Numerical Examples

In order to support our results, we are to consider some numerical examples which illustrate
many types of solutions to the Equation (4) and the behavior of these solutions.

Example 1. Consider the equation

JnJn—1 >
=af,_1exp| —— |, 37
Jnt1 Jn—1 P <]n+]n1 (37)
where a > 0. From Theorem 3, the positive equilibrium point |* = 21Ina, a > 1, is a nonhyperbolic point. Also,
Equation (37) has a prime period 2 solution when a =2, [_1 = 5and Jo = 3, see Figure 1, and prime period 4
solution when a =8, J_1 = 20 and Jy = 30, see Figure 2.

Example 2. Consider the Equation (29), if r = 2 and k = 0.5, then equilibrium point [* = 4/3 is a locally
asymptotically stable, see Figure 3a. On the other hand, if r = 9 and k = 1, then equilibrium point |* = 4/3 is
an unstable saddle point, see Figure 3b.

Example 3. From Theorem 4, Equation (29) has a prime period 2k solution. For example,

(@) Ifr =3, x=1, J_1 =1and Jy = 2.5, then Equation (29) has a prime period 2 solution, see Figure 4.
Note that,

- p=0.6700597859, g = 2.329940214 and p + q = 3 = r, (according to Corollary 4).
- Jo=25= %]_16177]*1, (according to (31) in Theorem 9).

(b) Ifr=5 x=1, ][4 =2 and Jy = 2.5, then Equation (29) has a prime period 6 solution. Note that,
p1 = 0.1481492419, p, = 2.052733018, p3 = 2.434113484, py = 3.429195147, p5 = 1.026622191,
ps = 5909186918 and -2, p; = 15 = 3r.

(c) Ifr=5x=1,]_1=25and Jy =22, then Equation (29) has a prime period 8 solution.

d Ifr=5x=1,] 1=19.6e73%and Jy = 4.9, then Equation (29) has a prime period 12 solution.
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5. Conclusions

Difference equations have been widely used as mathematical models for describing real life
situations in biology. So, this paper is concerned with the qualitative behavior of the solution of the
general class of the nonlinear difference equations which involves a population model with two age
classes, as a special case. For general equation, we studied the stability (local and global), boundedness
and periodicity character (with period 2k) of the solution. Moreover, by applying our general results
on a population model with two age classes, adults and juveniles [, ;1 = J,_1e"~ *Jnt/n-1) where
expression exp (r — (I, + aJ,)) represents reproduction rate and is a decreasing exponential which
captures the over crowding phenomenon as the population grows, we give a complete picture applying
the local stability of equilibrium point of population model and we study the boundedness of soluations.
Furthermore, we studied the existence of periodic solutions of a prime period-even of this model, as
improved and complemented of results of Franke 1999 and conjecture of Kulenovic 2001. In order to
support our results, we introduced some numerical examples. Further, we can try to get a necessary
and sufficient condition for global stability as well as bifurcation behavior for (4) in the future work.
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