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A NOTE ON A SYSTEM
OF TWO NONLINEAR DIFFERENCE EQUATIONS

MAI NAM PHONG

ABSTRACT. The goal of this paper is to study the boundedness, the persistence
and the asymptotic behavior of the positive solutions of the system of two
difference equations of exponential form:

Tpt1l =a+brp_1+crn_1e" V", yny1 = a+ Byn—1 + YYn—1¢" ",

where a, b, ¢, a, 8, v € (0,00), and the initial values z_1, xo, y—1, Yo are
positive real values.

1. INTRODUCTION

In [3], the authors studied the boundedness, the asymptotic behavior, the peri-
odic character of the solutions and the stability character of the positive equilibrium
of the difference equation:

Tpt1 = @+ bry_1e7 %",

where a, b are positive constants and the initial values x_1, xg are positive num-
bers. Furthermore, in [3] the authors used a as the immigration rate and b as the
growth rate in the population model. In fact, this was a model suggested by the
people from the Harvard School of Public Health; studying the population dynam-
ics of one species x,,.

In [4], the authors investigated the boundedness, the persistence and the asymp-
totic behavior of the positive solutions of the system of two difference equations of
exponential form:

Tpy1 = a+ bx,_1e7 9",

Tn

Yn+1 = C + dynfle_

Motivated by these above papers we will extend the difference equation in [3]

and the system of difference equations in [4] to a system of difference equations of
exponential form:

Tpt1 = a+ bTp_1 + cxp_1e Y,
. (L.1)
Yn+1 = Q@+ Bynfl + YYyn—1€ ",
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where a, b, ¢, a, [, 7 are positive constants and the initial values x_1, =g, y—1, Yo
are positive real values. Our goal in this paper is to investigate the boundedness,
the persistence and the asymptotic behavior of the positive solutions of the system
(1.1).

It is easy to see that in the special cases, when b = 8 = 0 the system (1.1)
becomes the system in the paper [4] and when ©,, = y,, a =«a, b=8=0, c =7
we have the difference equation in [3].

Difference equations and systems of difference equations of exponential form can
be found in the following papers: [1, 3-5, 7]. Moreover, as difference equations have
many applications in applied sciences, there are many papers and books that can
be found concerning the theory and applications of difference equations, see [2, 6,
9] and the references cited therein.

2. ASYMPTOTIC BEHAVIOR OF THE SOLUTIONS OF SYSTEM (1.1)

First it is very important to establish the boundedness and persistence of solu-
tions; in the first theorem we will study the boundedness and persistence of the
positive solutions of system (1.1) by comparing them with solutions of a solvable
system of difference equations. Our method is a modification in Theorem 2 in [8].
For related and similar results see, [4, 6, 9].

Theorem 2.1. Consider system (1.1) such that:
b+ce <1, B+ye <1 (2.1)
Then every positive solution of (1.1) is bounded and persists.
Proof. Let (z,,yn,) be an arbitrary solution of (1.1). Thus from (1.1) we see that
Tp>a, yp >, n=1,2,.... (2.2)
In addition, it follows from (1.1) and (2.2) that
Tpa1 < at+brp_1+cn_1e”Y Yno1 < a+ByYn—1+vYn—1e” %, n=0,1,2,.... (2.3)
We will now consider the non-homogeneous difference equations
Znt1 = a+bzp_1+czp_1e” %, Upgp1 = @+ B0p—1+yUp—1e” 4 n=0,1,2,.... (2.4)
Therefore, from (2.4) an arbitrary solution (zy,,v,) of (2.4) is given by
a
1—b—ce=’

R L e e

Zn = 11(b+ ce )2 4 ry(=1)" (b + ce )2 + n=12,...,

=1,2,...,

(2.5)
where 71, r2, S1, So depend on the initial values z_1, zg, v_1, vg. Thus we see
that relations (2.1) and (2.5) imply that z, and v, are bounded sequences. Now
we will consider the solution (z,,v,) of (2.4) such that

Z_1=x_1, 20 =0, V_1=1Y_1, Vg = Yo- (2.6)
Thus from (2.3) and (2.6) we get
Tn < Zpy Yn <Up, n=1,2,.... (2.7)

Therefore, it follows that z, and y, are bounded sequences. Hence from (2.2) the
proof of this theorem is now complete. ([l
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In the next theorem we will study the existence of invariant intervals of system
(L.1).

Theorem 2.2. Consider system (1.1) where relations (2.1) hold. Then the follow-
ing statements are true:

(i) The set
a —* Il
"1—b—ce @ "1 - B —ye @

is an invariant set for (1.1).
(ii) Let € be an arbitrary positive number and (z,,y,) be an arbitrary solution of
(1.1). We then consider the sets

a-+e€ a+e
I, = — |, b = —— el I 2.8
e I (2.9
Then there exists an ng such that for all n > ng
T, € Iy, Yn € L. (2.9)

Proof. (i) Let (zn,yn) be a solution of (1.1) with initial values x_1, xo, y—1, Yo
such that

a a
- ela, —F————|; —1, € |lay, ———1|. 2.10
L1, Lo [a 1—b—ce—a] Y-1, Yo [a 1—ﬁ—ye—’l} ( )
Then from (1.1) and (2.10) we get
a<zi=a+br_1+cr_1e7¥ <a {1 + m(lﬂr cea)]
B a
S 1—b—ce @’
1
a<yi=a+py1+yy-1e <a|l+ —0———(B+7e %)
1—-8—~e @
B !
C1-fB e
Then it follows by induction that
a @
<g,<—n— <y, <— n=12,....
C=In S T e @Y 1—0—~e @ "

This completes the proof of statement (i).
(ii) Let (@, yn) be an arbitrary solution of (1.1). Therefore, from Theorem 2.1 we
get
0<!l; = lim infz,, 0<ly = lim infy,
n—oo n—oo

2.11
0< Ly = lim supz, < oo, 0< L= lim supy, < o. ( )
n—o00 n—oo

It follows from (1.1) and (2.11) that
Ly <a+0bLy+cLie ™", Iy >a+0bly +clie 2,
Ly <a+BLy+vyLae™, Iy > a+ Blo + laye .



EJMAA-2015/3(1) A NOTE ON A SYSTEM... 173

which imply that

a a
<Lh<— <Ly < —n— . 2.12
CEMET T e 45 2Tl B—qee (2.12)
Thus from (1.1), we see that there exists an ng such that (2.9) holds true. This
completes the proof of the theorem. ([l

In the next two theorems we will study the asymptotic behavior of the positive
solutions of (1.1). The next lemma is a slight modification of Theorem 1.16 of [2]
and for readers convenience we state it without its proof.

Lemma 2.1. Let f : Rt x RT — RT, g : Rt x RT — R™ be a continuous
function, RT = (0, o) and ay, by, as, by be positive numbers such that a; <
b1, as < by. Suppose that

f : [al, bl] X [CLQ, b2] — [al, bl}, g: [al, bl] X [CLQ, b2] — [ag, bQ} (213)

In addition, assume that f(x, y) (res. g(x, y)) is decreasing with respect to y (res.
x) for every x (res. y) and increasing with respect to x (res. y) for every y (res.
x). Finally suppose that if m, M, r, R are real numbers such that

M= f(M, m), m=f(m, R), R=g(R, m), r=g(r, M), (2.14)
then m = M and r = R. Then the following system of difference equations
Tot1 = [(@n—1,Yn)s Ynt1 = 9(Tn,Yn-1) (2.15)

has a unique positive equilibrium (T, §) and every positive solution (x,, yn) of the
system (2.15) which satisfies

Tny € a1, b1], Tnot1 € a1, bi], Yn, € [a2, b2], Yny41 € [az, b2], np € N (2.16)
converges to the unique positive equilibrium of (2.15).

Theorem 2.3. Consider system (1.1) such that the following relations hold:
If a(1 —b) > a(l — B) then

< g m0(1=28) + /@I 3B A0

2
{a(l —b)— /a2(1—b)2 —a?(1—B)2 —a(l—2b)+ /a?(1— 2b)2 + 4(1 — B)? }
a ’ 2 ’

v < e min

(2.17)
and if ¢(1 — b) < a(l — ) then

Y < —a(1 —2b) +y/a2(1 —2b)2 + 4(1 — B)2

2
{aa —8)— V@A =B —aP(1—0P —a(l-28)+/a*(1—2B)° T 4(1 —b)?

¢ < e” min , 3

(2.18)
Then system (1.1) has a unique positive equilibrium (T, §) and every positive
solution of (1.1) tends to the unique positive equilibrium (T, §) as n — oo.

Proof. We consider the functions
flz, y)=a+br+cxe™, gz, y)=a+ Py +yye” (2.19)

where
l’EIl, yGIQ, (220)
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I, I are defined in (2.8). Then from (2.17), (2.18)-(2.20), we see that for x €
L, yelr

a+e ate
< < b -
a_f(xa y)—a+ 1—b—ce—“ Cl_b—ce*ae
7a+5(b—|—cefa) a—+e€
 1—b—ce @ 1—b—ce @’
a+e ate
< < B
aig(x, y)ia‘kﬁl_ﬁ_,ye_a+71_6_7€_a6
ot e(B4ye?) ate

1= f-net T 1-B e
andso f: Iy xIy — I, g: Iy x I — I5. Let (x,, y,) be an arbitrary solution of
(1.1). Therefore, as relations (2.17), (2.18) imply conditions (2.1), from Theorem2.2
there exists an ng such that relations (2.9) hold.
Let m, M, r, R be positive real numbers such that

M=a+bM +cMe™", m=a+bm+cme

y (2.21)
R=a+BR+~vyRe™, r=a+ pr+~yre” .
From (2.21) it follows that
cM cm
—n|— |
" “[Ma—b)—J B “{m(1—b)—a] ’
(2.22)

YR yr
= 1 e e— M = 1 e AN | -
" H[M1Ma}’ I{M1ma]
Thus we see that relations (2.21) and (2.22) imply

(1—b—ce™)In [W} —a, (1—b—ce B)In {VR} = q,

r(l—08) —« R(1-0) -«
(1-p- e*m)IHL =a, (1-8—veM)n M )
7 md—b) —a] 7 M1-0)—a
(2.23)
We then consider the function
cx
Flo)y=1-8—v¢ ) In|————| — 2.24
(@)= (1= 5 =) | ] - (224)
Let z be a solution of F(x) = 0. We claim that
F'(2) < 0. (2.25)
From (2.24) we see that
1— 3 —~ye %) - cz
F'(2)= _a(— In | ——— . 2.26
G =—Zni—p—q T¢ M Lu ) —a} (2:26)
Since z satisfies equation F'(x) = 0, then it follows that
cz o
1 = 2.2
e e e (220
Therefore, relations (2.26) and (2.27) imply that
1— B —~e* -z

z[z(1 = b) — a] 1—8—vye*
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Using (2.28), to prove our claim (2.25), it suffices to prove that
H(2)—G(2) <0, H(z)=ayz[z(1-b)—a], G(z)=ae*(1—-p3—~ve )2 (2.29)
From (2.29) we get
H'(2) = ay[22(1 = b) —a], G'(2) = (1 — B)%ae* — ay?*e™*, H"(2) = 2a7y(1 — b),
G"(2) = (1 = B)%ae” +ay*e™*, H"(2) =0, G"(2) = (1 — B)%ae* — ay’e >,

(2.30)
Now from (2.17), (2.18) and (2.30), we see that as z > a we have
2 (1 _ B)2.2%
H(2) = G"(2) = — (1 — Bac® + ar?e™> = o2 “ez Brer]
—a [y = (1 = B)e*l.[v + (1 — B)e?] (2.31)
eZ
= =B ]e-z[w A=Be _
Since z > a, we take
H"(z) - G"(z) < H"(a) — G"(a). (2.32)
Using (2.30) we get
H"(a) — G"(a) = 2ay(1 — b) — (1 — B)%ae® — ay’e™® (2.33)
= —e “[ay?® — 2ay(1 — b)e® + (1 — B)?ae? .
Moreover if a(l —b) > a(1 — ), then from (2.17) it follows that
b)) — 21 =2 —a2(1-B)2
AP YU, BV ) T )
and we get
ay® — 2ay(1 — b)e® + (1 — B)%ae** > 0. (2.34)

If a(1 —b) < a(l — ) we can easily prove that (2.34) holds true. Then from (2.33)
and (2.34) we get H"(a) — G”(a) < 0 and so from (2.32) it follows that

H"(z) - G"(2) <0. (2.35)
Therefore from (2.35) and since z > a it follows
H'(2) — G'(2) < H'(a) — G'(a). (2.36)

Hence using (2.30) we get
H'(a) — G'(a) = aay(1 — 2b) — (1 — B)%ae® + ay?e ™

2.37
=ae [y + a(l — 2b)e"y — (1 — B)%e??]. (2:37)
Now observe that from (2.17), (2.18) we have
—a(l—2b 2(1—2b)24+4(1 - p)?
AP RV (e R ()
and so
v2 +a(l —2b)ey — (1 — )%™ <0 (2.38)

Therefore relations (2.37) and (2.38) imply that H'(a) — G’'(a) < 0 and so from
(2.36) it follows that
H'(z) - G'(2) <0. (2.39)
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Hence from (2.39) and as z > a, we get
H(z) — G(2) < H(a) — G(a) = —a*bary — ae®(1 — B —ve~*)? < 0. (2.40)

Thus from (2.40), we get H(z) — G(z) < 0 which implies that (2.25) is true. Since
(2.25) holds, it is known that there exists an e such that for z € (z — ¢, z+¢€)

F'(z) < 0. (2.41)

Therefore from (2.41) the function F is decreasing in the interval (z — €, z + ¢).
Suppose that F' has roots greater than the root z. Let z; be the smallest root of
F such that z; > z. From the argument above, we can show that there exists an
€1 such that F' is decreasing in the interval (z — €1, z + €1). Since F(z +¢) <
0, F(z1 —e) > 0 and F' is continuous, we see that F' must have a root in the
interval (z + €, z1 —¢€). This is clearly a contradiction since z; is the smallest root
of F such that z; > z. Similarly we can prove that F' has no solutions in (0, z).
Therefore equation F(z) = 0 must have a unique solution. Hence from (2.23) and
(2.24) m, M are the solutions of the equation F'(x) = 0. Thus we see that m = M.
Similarly if we set

_ v
Glz)=(1-b— Oln | ————| —
() =( ce )n[x(lﬁ)a} a
and using (2.17), (2.18) we can show that equation G(z) = 0 has a unique solution.
Also as r, R are the solutions of equation G(x) = 0, it follows that r = R. Therefore
from Lemma 2.1 the proof of the theorem is complete. (I

Theorem 2.4. Consider system (1.1) and suppose that the constants a, b, ¢, a, 8, v
satisfy the following relations:

y<etminfUSBboeet) 0oHO=pocsazpe),
l1+a—b—ce @ 1—b—ce @
(1-H- 5 (242
S TT¥a-p
Then system (1.1) has unique positive equilibrium (Z, §) such that
_ a _ a
S (CL, m) , Y € (a, m) . (243)

Moreover every positive solution of (1.1) tends to the unique positive equilibrium
(z, §) as n — oo.

Proof. First we prove that (1.1) has a positive equilibrium such that relations (2.43)
hold. First we consider the following system of algebraic equations

r=a+br+cre™, y=a+Py+yye ” (2.44)
Observe that system (2.44) is equivalent to the following system

a «

Tl e YT 1—p8—~vye 2’

(2.45)
So we set

Fla)=— % fla)=—% xe(a, a). (2.46)

T1-b—ce t@” :l—ﬁ—ve_g”’ 1—b—ce @
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Then from (2.46) we get

—f(a)
Fla) = At ™

C1-b—cefa)
()
ac le 1—-b—ce~@

a
F =
<1—b—ce_a) a <0

(r=pe)
l-b—ce \l—b—ce (1—=b—ce™®)

(2.47)

Therefore from (2.47) equation F'(z) = 0 has a solution z € (a, 1ba_a)
—b—ce

Now we will prove that Z is the unique solution of F(z) = 0. From (2.42) and
(2.46) it follows that

—flz)—= —a—a
acarye acarye
F'(z) = -1< -1
() [1—b—ce f@]2(1 — B —ye—*)2 (1—-b—ce )2(1 - —~e2)?
(2.48)
Moreover from (2.42) we get,
ae cac <1. (2.49)

1
(1—=b—ce )(1— B —ye9) =5 (1—b—ce )(1—F—rye9)
Hence relations (2.48) and (2.49) imply that F’(x) < 0 which implies that equation
1—bi06a> Then from (245) and
(2.46) system (2.44) has a unique solution (Z, %) such that (2.43) holds.
Let (zn, yn) be an arbitrary solution of (1.1). Using relations (2.42) and Theo-
rem 2.1, we see that (2.11) hold which also imply that

F(z) = 0 has a unique solution Z € | a,

a
L < 4 >
e T A P e
Ly < « Iy > @ (250
i T
From (2.50) we get
alsy als
Lh<—--—— [ Ly> —n
P2 = —ce? PP e L2’
aly aly
Ioh<—ruvvo—" L1 >
21_1_6_76417 2 1_1_5_er1
and so we see that
aLl S a12 , (ILQ S Otll ) (251)
1—B—velr —1—-b—ce 2’ 1—b—cet2 = 1—-—neh

Now we consider the functions

(2.52)
vela, — 22—}, ye(a —2—
"1—b—ce )’ T1—-B—ve o)’
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Then from (2.52) it follows that

o[l =B —y(1+x)e™"] Ca[l =b—c(l+y)eY]

’ _ ! — 2.53
f (l') (1 — 5 — ’Y€_$>2 y g (y) (1 —bh— ce_y)2 ( )
From (2.42) and (2.49), consider z € [ a S — ela, — 22—
' B "1-b—cea ) "1-B—qe @
we have:
1=l +2)e®>1-f—rl+—")e >0
1—b—ce @
o (2.54)
17b76(1+y)€7y >17b76(1+m)67(1 >0

Therefore from (2.53) and (2.54) we see that

/ 0 / 0 .« .« .
(@) >0, ¢(y) >0, xe<a,l_b_cea el o
Hence, f, g are increasing function and this, together with (2.51) implies that
ly = Ly. Then, from (2.51) again, we see that lo = Lo. Therefore, this completes
the proof of this theorem. O

In the last theorem of this section, we will study the global asymptotic stability
of the positive equilibrium of (1.1).

Theorem 2.5. Consider system (1.1) such that either (2.17) and (2.18) hold or
(2.42) holds. Also suppose that the following relation holds true:

acaye 4%

1

(I-b—ce*)(1 = —~e™ @) <
(2.55)
Then the unique positive equilibrium (T, §) of (1.1) is globally asymptotically stable.

btce *+B+ye“+ (b+ce *)(B+re )+

Proof. First we will prove that (Z, §) is locally asymptotically stable. The linearized
system of (1.1) about (Z, ¥) is

Tpt1 = (b+ce ™ )xp_1 — cte Yy,
T

Ynt1 = (B + e (2:56)

T

Jyn—1 —yye " n

We clearly see that (2.56) is equivalent to the system

0 by a; O Tn
0 1 0 O Yn—1

x z

ar=b+ce ¥, by=—cte ¥, c; =B+~ % dy=—vge ®.
Then the characteristic equation of A is

M — (a1 + ¢ +bid)A+aie; =0 (2.57)
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Since T, ¥ satisfy (2.44) it is obvious that Z > a, § > a. Hence, from (2.55) and
as T, g satisfy (2.45) we get

lat| + |e1] + |brdy| + arer| = b+ ce™¥ + B+ ve " + cte Vyge " + (b+ce V) (B +ve *)

B » - . acarye™ Y
=b+ce ¥ +B+ve "+ (b+ce V) (B+e )+(1_b—ce—;)(1—ﬁ—ve"””)
—a —a -« —a acorye *7
<b4ce +B+ve "+ (b+ce*)(B+ e )+(1—b766’°7)(1*5*’)’67a)<1

(2.58)
Therefore, from (2.58) and Remark 1.3.1 of [9] all the roots (2.57) have the modulus
are less than 1 which implies that (Z, §) is locally asymptotically stable. Using
Theorem 2.3 (Z, g) is globally asymptotically stable. This completes the proof of
the theorem. (]
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