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ABSTRACT. The present paper establishes results on the relationship between
the stability characteristics, asymptotic behavior, periodicity, and oscillation
of a difference equation and certain general systems of difference equations de-
fined using permutation groups. We show that the study of the system reduces
to the study of the equation. Our system includes many particular cases that
have been studied in the literature.
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1. INTRODUCTION

Researchers are generally interested in the study of difference equations with respect
to stability characteristics, asymptotic behavior, periodicity, oscillation, and solution

formulas (see, e.g., [, 6, 7, 10, 9, 12, 13]). Many works deal with considering conditions
on the functions defining equations and systems. For example, Touafek et al. in [17, 18]
extended the results of Moaaz et al. [11] and Abdelrahman et al. [1] by considering the

condition of homogeneity of continuous real functions in the equations and systems.
The same condition is also considered in the papers of Boulouh et al. [3, 4].

Stevi¢ in [11] gives a representation of the explicit solutions to the nonlinear difference
equations

zi=g ' (ag(zic1) + bg(zi2)), i>2,
by assuming that the function g is one-to-one. Later, this work was extended by Akrour
et al. [2] by considering the same condition on the functions.
In [15], Stevi¢ conducts some analysis of the relationship between solvable equations
and the Newton-Raphson iteration process

9(2i)

Zigl = Zi — 7 () i € No,

where ¢ is a quadratic function of the form
g(z) = 2" =pz+q.
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Another condition, namely that g is a homeomorphism of R, was assumed by Stevié
in [16] to establish the solvability of the following difference equation:

-1 ag(zi-1) + 59(%—2)) .

Ziv1 = ¢ g(zi g(0) =0, 7e€Np.
' ( (=) v9(2i-1) +0g(2i—2) )’ ©=0

It is very important to point out that many systems are inspired by equations that

were the subject of other research, or that the systems are constructed in a way that

makes the equations of the system similar or somewhat symmetric (see, e.g., [9, 10, 11,

13, 14]).

In this research, we shed light on a model of equations defined by a permutation
group, in order to highlight the relationship between the behavior of the equation and
that of the system. We were inspired by the aforementioned works, particularly those
of [7, 8, 10].

Therefore, let us consider p € N, N, = {1,2,...,p}, and S, the group of permutations
on N,,. Let g be an arbitrary function from a nonempty set I C R into itself. Consider
the following difference equation:

Ynt1 = 9(Yn—k), n,k € Np. (1.1)
and the following system of p difference equations

z7(zl—|)-1 = g(z,(;i(]i)))a 27(12—21 = g('z;(;i(]z)))v ey 251121 = g(zfli(z)))a (12)

where o is a p cycle of Sp.

2. STABILITY RESULTS

The most important aim of this work is given in this section, which is to establish the
stability of System (1.2) through that of Equation (1.1). Let us introduce the lemma
below.

Lemma 2.1. Let « € R and (o, ...,a) € RP.

i) (a,...,«) is an equilibrium point of System (1.2) if and only if « is an equilibrium
point of Equation (1.1).

ii) Suppose that v is the unique fized point of g then, (a, ..., a) is the unique equilibrium
point of System (1.2).
Proof.

i) We have (c,...,«) is an equilibrium point of System (1.2) if and only if o = g(«)
which is equivalent to « is an equilibrium point of Equation (1.1).
ii) Suppose that (a1, a,...,qp) is an equilibrium point of System (1.2). So,
a1 = g(ag)), a2 = g(g2)), - ap = g(Qsp))s (2.1)
we obtain for every j € {1, ..., p},
aj = g’ (aor(j))-
Thus, for every j € {1,...,p}
aj = g’(aj).
Since, « is the unique fixed point of g?, then o = « for all j € {1,..., p},
which implies that (a,...,a) is the unique equilibrium point of System (1.2). O

The following lemma will be useful.

Lemma 2.2.
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i) For, j =1, ..., p, we have
Zg”:f(éﬁmmn)’ n>plk+1)—k. (2.2)

i) Forj=1,...,pand forl =1, ..., p, we have
zﬁZL)H — gt <zfigill+1)) , wherer = p(k+1) and (I-1)(k+1)+1 <i <I(k+1). (2.3)

Proof.
i) We have for all j =1, ..., p,

) =g (20,

9 = g (),

# (7%

9 (%ﬁ%l&d)) :

then

Hence, the result follows.
ii) Now, put r = p(k + 1) in (2.2), hence

Therefore, for all ¢ =1, , T

7(~Zz)+z =9 ( f’{i—l)ﬂ) =9g" (Zi(j)> : (2.4)

On the other hand, from (1.2),for j =1, ..., pandl =1, ..., pwith I—-1)(k4+1)+1 <

i <I(k+1), we have
( ) _ (e(5)) (a'(5)
9(1(+)) g(zl(k+1)>

substituting into (2.4), we obtain

G _  aptl (L00)
i = 9T (ziflj(kJrl)) .

Thus, the result follows. O

The following theorem states that the behavior of System (1.2) around the equilib-
rium point is identical to that of Equation (1.1).

Theorem 2.3. The following equivalences hold.

a/ System (1.2) is locally stable if and only if Equation (1.1) is locally stable.

b/ System (1.2) is asymptotically stable if and only if Equation (1.1) is asymptotically
stable.

c/ System (1.2) is globally stable if and only if Equation (1.1) is globally stable.

Proof.

We begin by noting that if System (1.2) is locally stable (asymptotically stable, globally
stable, respectively), then the same holds for Equation (1.1), provided the initial values
are equal, i.e.,

( (2 (p) (1) (2) _ ®

) _ . (2) _ _
2l =Rl = =2, =zy ==z .
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a/ Let € > 0. Since Equation (1.1) is locally stable, there exists ¢ > 0 such that for all

Y—ky-- -, Y0 € I with

k
Z |y—Z - O“ < 57
=0

we have
lyn —a| <e, foralln>—k.

By standard arguments, the condition (2.5) is equivalent to

Ykt 1ynti —a| <e, foralln>—-1 andi=1,....k+1.

On the other hand, for all n > —1,
Yorynti = 9" Woko144), fori=1,... k+1.
Putting s = —k — 1 + ¢ and m = n + 1, we obtain
Ykt Dymts =9 (Ys), Ym >0, s=—k,...,0.
Then the condition (2.6) is equivalent to
lg"(ys) —a| <e, forallm >0 and s = —k,...,0.
Put ¢’ = min(e, 0) and assume that

> (19 —al 4129, —al+ -+ 12§ —al) < 0"
j=1

Then, from (2.8), for all n > 0 and for all j =1,...,p,
9"V —a| <e, s=—Fk,...,0.
Hence, for allm >0, all j=1,...,pand alll =1,...,p, we have

|gnp+l(zgj)) —al<e, s=-—k,...,0,

Now, consider the subsequences defined in Lemma 2.2, for all j = 1,...

1,...,p:

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

,pand [ =

z,,(,ZL)H = gnptl (z‘.’l(j) ) , wherer =pk+1)and I —1)(k+1)+1<i<I(k+1).

i—1(k+1)

Since, foralljzl,...,p,lzl,...,pand (—1D(k+1)+1<i<Ii(k+1), we have

Z(J )
i I(k+1) G{ k—l—l""’ZO ,T—l,...,p}7

then, from (2.10), we deduce that for all (I —1)(k+1)+1<i<Il(k+1),

1,0
9" () — ol <,
which implies that,
|zm+l —a| <e.

From (2.9) and (2.11), it follows that for all n > —k,
120) —a < e.

Thus we obtain the local stability of System (1.2).

(2.11)
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b/ Let € > 0. Since Equation (1.1) is asymptotically stable, there exists v > 0 such that
if Y=k Y—k+15---3Y0 € I and
-k — ol + [y —af+ -+ |yo —af <,

then

lim y, = a.
n—oo

By (2.7), this is equivalent to

lim ¢"(ys) =, Vs=—k,...,0. (2.12)
n—oo
Now assume that
(129 = al 4129, —al + -+ 1" —al) <. (2.13)

j=1
From (2.12) and (2.13), for all j =1,...,p, we have
lim g"(zV)=a, s=—Fk,...,0.

n—o0

Hence, forall j=1,...,pand{=1,...,p,

lim g”pH(zgj)) =a, s=-—-k, ...,0,
n—ro0

which implies, for all (I —1)(k+1)+1<i<Il(k+1),

PR C) T 1,00
nh_)ngo Zpys = nh_}nolognp'*' (Zz'—l](k:-i-l)) =a. (2.14)
From (2.13) and (2.14), we obtain for all j = 1,...,p,
i () —
nh_)Ilgo A . (2.15)

Thus, by the first part of Theorem 2.3 and (2.15), we obtain the asymptotic stability
of System (1.2).
¢/ Combining (a) and (b), we conclude that System (1.2) is globally stable.
O

3. PERIODICITY AND OSCILLATORY

This section is devoted to obtaining results on periodicity and oscillation. We begin
by recalling the notion of periodicity.

Definition 3.1 (Global periodicity).
1) Equation (1.1) is called globally periodic with period T' € N* if, for any initial values

Yeky Y—k+1, - - -, Yo € I, we have for all n > —k,
Yn+T = Yn-
2) System (1.2) is called periodic with period T if every solution (z,(}),zﬁf), .. .,zy(lp))
satisfies, for all j =1,...,p and all n > —k,
)

Lemma 3.2. Let T and m be positive integer numbers.

i) A sequence {zp}nen is periodic with period T, then all the subsequences {zinti}neN,
(i=1,...,1) are periodic with period T for all | € N*.

ii) The sequence {zn}nen 18 periodic with period mT if and only if the subsequences of
the form {zmn+itnen, (i =1, ..., m) are periodic with period T
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Proof.
i) Assfume that sequence {zy}nen is periodic with period T', we have for i = 1, ...,
and n € N
24 T)+i = Zn+T+i = Zn+is (3.1)
which implies that the subsequence {z,;} is periodic with period 7'

ii) If the sequence {z,}nen is periodic with period mT, then by (3.1) with | = m we
deduce that the subsequences {z,,+i} are periodic with period T
Assume that for all i = 1, ..., m the subsequence {z,4;} is periodic with period T,
we have for n € N, there exist n’ € Nand s € {1, ..., m} such that n = mn’ + s, hence

Zn+mT = Zmn/+s+mT = Zm(n/+T)+s — “mn/+s — Zn-
which implies that sequence {z, }nen is periodic with period mT. O

Theorem 3.3.
a) System (1.2) is periodic with period T, then Equation (1.1) is periodic with period T'.
b) Equation (1.1) is periodic with period T(k + 1), then System (1.2) is periodic with
period Tp(k 4+ 1).
Proof.
a) Since Equation (1.1) is the uni-dimensional case of System (1.2), by taking the initial
values equals, the periodicity of System (1.2) implies the periodicity of Equation (1.1).
b) Suppose that Equation (1.1) is perlodlc with period T'(k + 1).

We have, the subsequences of {zn )} (j =1,...,p) as defined in Lemma 2.2 for all
l=1,...,pand (l—l)(k+1)+1§i§l(k+l) by

Z(](l)chl)nJrl — gret <z;’l(j)) , where s =i —l(k+1) € {—k, ..., 0},

l .
are subsequences of g" (zg U )). Since this sequence is a subsequence of the solution

of Equatlon (1.1) with initial values zs (]), (s = —k,...,0), it follows from Lemma 3.2
that ¢ ( (j)) is periodic with period T

Again, by Lemma 3.2, all the subsequences {z } are periodic with period 7.

(k+1)n+i
Therefore, by Lemma 3.2, the sequences {zn } are periodic with period Tp(k+1). O

Proposition 3.4. Let T be an non negative integer number,
a) If gT‘*'1 f, then System (1.2) is periodic with period Tp(k + 1).
b) If g7 = I such that p = Tr for some r € N*, then System (1.2) is periodic with period
p(k+1).
Proof.
a) If g7+ = f, then for all s = —k,...,0, the sequence {g"(ys)} is peI‘IOdlC with period
T. Tt follows from Lemma 3.2 and (2 3) that the subsequences {z ])C (kt1)n ;) are also
perlodlc with period T'. Hence, System (1.2) is periodic with perlod Tp(k +1).
b) If g¢P' = I, then f? = I. From (2.3), the subsequences {z (k1) nﬂ} are constant.
Therefore, by Lemma 3.2, System (1.2) is periodic with period p(k + 1). O

Definition 3.5. A sequence {z,} is said to oscillate about the equilibrium point o with
a semi-cycle of length [ € N* if (z; — @) has the same sign for all i = nl, ..., (n+ 1)l —1,
and (zn; — @)(2(n41y — @) <0 for all n € N.
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Lemma 3.6. Let ¢ and m be positive integer numbers. A sequence {zn}nen s 0s-
cillate about the equilibrium point o with a semi-cycle of length mf if and only if all
the subsequences of the form {zmn+itnen, (i = 0, ..., m — 1) are oscillate about the
equilibrium point a with a semi-cycle of length £ and (z; — «) are in the same sign for
alli =0, ..., m—1.

Proof.
i) Assume that the sequence {zy}nen oscillates about the equilibrium point « with a
semi-cycle of length mf. Then (z; — «) has the same sign for all i = nmt,... (n +
1)mf — 1, and

(Znme — @) (Z(ng1yme — @) <0 for all n € N.

Fori=0,....m—1,7=nl,...,(n+ 1) — 1, and n € N, we have
nml <nml+i<jm+i<mln+1)—m+i<mlin+1)—1, (3.2)

which implies

m+1)ml<(n+1)ml+i<(n+2)mf—1. (3.3)
Hence, from (3.2) and (3.3), it follows that (zp;+i — «) has the same sign for all
j=nl,....,(n+1)¢—1, and

(Znme+i — @) (Z(nr1ymers — @) <0

foralli=0,...,m —1 and n € N. Thus, the subsequence {zyn+i} (i =0,...,m —1)
oscillates about the equilibrium point « with a semi-cycle of length £.

ii) Conversely, suppose that all subsequences {zmn+itnen (i = 0,...,m — 1) oscillate
about the equilibrium point a with a semi-cycle of length ¢, and that (z; — «) has
the same sign for all # = 0,...,m — 1. Then (zn;4+; — ) has the same sign for all
j=nl,...,(n+1)¢—1, and

(Znme+i — @) (Z(ns1ymeri — @) <0
foralli=0,...,m—1and n € N.
Let n € Nand r € {nm/,...,(n+ 1)mé — 1}. Then there exist j € N and i €
{0,...,m — 1} such that r = mj + i. We obtain
nml<mj+i<(n+1)ml—1 = nml—i<mj<n+1)ml—i—1,i€{0,...,m
= nml+1-—m<mj<(n+1l)ml—1,
= <j<(n+1)—1

Thus, (2, — «) has the same sign for all r = nm/,..., (n+ 1)mf — 1, and

(ané - a)(z(n—i—l)m( - Oé) <0.

Therefore, the sequence {z, }nen oscillates about the equilibrium point o with a semi-
cycle of length m/. U

Theorem 3.7. System (1.2) oscillates about the equilibrium point & with a semi-cycle
of length (k + 1)pl if and only if Equation (1.1) oscillates about the equilibrium point
a with a semi-cycle of length (k + 1)pt.

Proof.

a) Since Equation (1.1) can be regarded as a special case of System (1.2), by taking
identical initial values, the oscillation of System (1.2) implies the oscillation of Equation
(1.1) with the same semi-cycle length.

-1}
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b) Suppose that Equation (1.1) oscillates about the equilibrium point o with a semi-
cycle of length (k + 1)pt.

l .
Since {g" (z? U ))} , as defined in Lemma 2.2, is a subsequence of the solution of
n

Equation (1.1) with initial values zgl(j), (s =—k, ..., 0), it follows from Lemma 3.6

l .
that { g (z;f U )) } oscillates about the equilibrium point « with a semi-cycle of length
n

pl. ' ‘
On the other hand, the subsequences {Zz(o](3c+1)n+z‘}” of {27(1])}7 (=1, ..., p), as defined

in Lemma 2.2, are subsequences of {g" (z? U )) In-
Therefore, by Lemma 3.6, all subsequences {z](f& ) +i} oscillate about the equilibrium
point a with a semi-cycle of length £.

Thus, by Lemma 3.6, the sequences {27(3 )} oscillate about the equilibrium point « with

a semi-cycle of length (k + 1)pf. O

4. PARTICULAR ILLUSTRATIVE EXAMPLES

Example 4.1. [10] Consider the following system of p difference equations
(1) 1 (v) 1 : :
2y = e, 2o = ————————, o is a p-cycle in S,. (4.1)
n+1 A+ 2'7(10_(]1)) n+1 At Z,(LU_(Z)) P
The associated difference equation is
1
=) n, k € No, 4.2
Yn+1 A+ yn s 0 (4.2)
A+ VA2 -4
with equilibrium point a = %
Kaouache et al. [10] proved the global stability of System (4.1) about («,«) in the

case p = 2. By Theorem 2.3, this implies that Equation (4.2) is globally stable about
a, and consequently System (4.1) is globally stable about («,...,«) € RP for all p > 2.
This result answers the open problem raised in [10].

A particular case with A = 6 and p = 2 was studied by Halim et al. [6]. Figure
1 illustrates our stability result for System (4.1) with A = 6, p = 3, k = 2, and
o = (1 2 3), using the initial values z(_12) = %, z(_ll) =1 z(()l) = 1—107 z(_22) = %, z(_Ql) =1,
z((]z) = %, z(_32) =2, z(_31) =3, z(()?’) = %
Example 4.2. [7] Consider the following system of p difference equations
(o(1)) (a(p))
() _ Fnk tO ) _ Fnk tO : :
z = ..., Z =, o is a p-cycle in S,,. (4.3)
n+1 0427(10_(;)) 1 n+1 azgg_(i)) 1 P

The associated difference equation is

Yn—k +Q

OYn—k — I
Since g2 = I, Proposition 3.4(a) implies that System (4.3) is periodic with period

2p(k 4+ 1) if p is odd, while Proposition 3.4(b) gives period p(k + 1) if p is even.
Hamza et al. [7] proved that System (4.3) is periodic with period 6(k + 1) for p = 3,

with period 2(k + 1) for p = 2, and with period 4 when p = 4 and k = 0. These results
agree with our conclusions.

Yn+1 = g(yn—k) = n, k € Ng. (4.4)
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FIGURE 1. The figure shows that System (4.1) is stable.

To illustrate, consider System (4.3) with p =4, k =0, a = 2, « = 1, and 0 =
(134 2), with initial values zél) =—1, 282) =1, zé3) =2, z(()4) =1
49 29
N
24 H
N
ol
0 T 1 0
5 1 15 20
n
N
N
] N
]
5 -34
29 44
N
1 ]
N
o]
0 20 0

n n

FIGURE 2. The figure shows that System (4.3) is periodic with
period 4.



138 Y. AKROUR, A. BELLOUR

5. CONCLUSION

Generally, every equation or system has its own properties concerning stability, pe-
riodicity, oscillation, and the form of the solutions. These properties depend on the
choice of the functions defining the equations and systems. However, one can observe
that in the case of systems obtained by generalizing equations through symmetry or
permutation, there is a similarity in their properties. The objective of this work is to
establish some results regarding this observation.

We show that all studies of the properties of System (1.2) reduce to the study of
Equation (1.1). Moreover, System (1.2) includes many particular cases that have been
studied in the literature (see, for example, [, 10]).
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