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Abstract

This paper analyses the pseudo almost periodicity of the impulsive neoclassical growth
model. We investigate the existence, uniqueness and exponential stability of the pseudo
almost periodic solution. Moreover, an example is given to illustrate the significance of
the main findings.
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1. Introduction

The examination of economic growth models is one of the most interesting and
important topics in mathematical economics. Based on discrete time scales and
a mound-shaped production function, Day [7, 8] introduced and investigated a
neoclassical growth model.  Since then, many authors have made important
contributions to this model. However, only a few of those are devoted to the case of
continuous time scales. Matsumoto and Szidarovszky [13] introduced the neoclassical
growth model

X' (t) = sF(x(1)) — ax(?), (1.1)

where x is the capital per labour, s € (0, 1) is the average propensity to save and
a = n + su with p being the depreciation ratio of capital and n being the growth
rate of labour. Since nonlinearities of production functions and production delay
are inevitable, Matsumoto and Szidarovszky [14] considered equation (1.1) with the
mound-shaped production function F(x) = x”e™°*, so that

X' (1) = BXY(t — 10)e X — ax(t), (1.2)
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where «, v, 6 and § = se are positive parameters, 7 is the delay in the production
process and ¢ reflects the strength of the ‘negative effect’ caused by increasing
concentration of capital. The parameter y > 0 can be thought of as a proxy for
measuring returns to the scale of the production function. In fact, when x is small,
output increases more than unity, exactly unity and less than unity if y > 1, y = 1 and
vy < 1, respectively.

For equation (1.2), the local asymptotical stability of the positive equilibrium was
studied by Matsumoto and Szidarovszky [14]. The permanence of the solutions and
global exponential stability of the positive equilibrium were investigated by Chen and
Wang [5]. In particular, if v = 1, then (1.2) is the well-known Nicholson’s blowflies
model. An extensive study concerning the dynamic behaviour of Nicholson’s blowflies
model exists in the literature (see [2, 4, 6, 10, 15, 17] for more details).

The variation of the environment plays an important role in the real world, and
impulsive phenomena appear widely in economics. Incorporating these phenomena,
the following impulsive generalized neoclassical growth model with delay is
considered here:

X (0) = —at)xt) + Y BiO)x(t — 1))e MO e R £ 1,
; (1.3)

Ax(ty) = yrx(t) + L (x(t;)) + 6k, k€N,

where 8 > 1, 7; > 0, a(?), Bi(t), ni(t) (i =1,2,...,m), ¥k, O and I;(x), k € N, are
(pseudo) almost periodic functions or sequences. The main aim of this paper is to
obtain the sufficient conditions for the existence, uniqueness and exponential stability
of a pseudo almost periodic solution for equation (1.3).

2. Preliminaries and basic results

Throughout this paper, let T be the set consisting of all real sequences {f;}iez
such that « = infiez (1 — ) > 0; then limy_, o f; = +00 and lim;_,_o, f; = —oc0. Let
PC(R,R) denote the space formed by all piecewise continuous functions such that f(-)
is continuous at ¢ for ¢ ¢ {f; kez, f(#]) and f(;) existand f(z;) = f(#) for k € Z. Define
I®(Z,R) ={x:Z — R|||x]| = sup,z |x(n)| < oo}.

Dermnition 2.1 [11]. A function f € C(R,R) is said to be almost periodic in the sense of
Bohr if, for each € > 0, there exists an /(¢) > 0 such that every interval J of length /(&)
contains a number 7 with the property that |f( + 7) — f(#)| < e fort e R. Let AP(R,R)
denote the set of all such functions.

DeriniTioN 2.2 [16]. A sequence {x,} is called almost periodic if, for any € > 0, there
exists a natural number [ = [(¢) such that for k € Z, there is at least one number p in
[k, k + [] for which inequality |x,., — x,| < & holds for all n € Z. Let AP(Z,R) denote
the set of all such sequences.
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Define

n

. 1
Jlim 5 kz ] = o},

1 T
lim —f F0ldr =0},
ro+e00 21 )

Derinition 2.3 [12]. A function f € C(R,R) is said to be pseudo almost periodic if it
can be decomposed as f = g + ¢, where g € AP(R,R), ¢ € PAPy(R,R). Let PAP(R,R)
denote the set of all such functions.

PAPy(Z,R) = {xn € I®(Z,R)

PAPy(R, R) = { feC®R,R)

Dermvition 2.4 [1]. A sequence {x,},cz € [*(Z,R) is called pseudo almost periodic if
X, = x! + x2, where x! € AP(Z,R), x> € PAPy(Z,R). Let PAP(Z,R) denote the set of
all such sequences.

DermniTion 2.5 [16]. A function f € PC(R,R) is said to be piecewise almost periodic
(denoted by AP7(R, R)) if the following conditions are satisfied.

() {t,{ = tx+j — It), k, j € Z are equipotentially almost periodic, that is, for any & > 0,
there exists a relatively dense set in R of e-almost periods which is common for
all the sequences {r}}.

(2) For any € > 0, there exists a positive number 6 = §(¢) such that, if the points
¢ and ¢ belong to the same interval of continuity of f and |t —”| < §, then
lf(@) = f@")l <e.

(3) For any € > 0, there exists a relatively dense set €. in R such that, if 7 € Q, then
|f(t+71)— f(¥)| < € for all t € R which satisfy the condition |t — t;| > &,k € Z.

Define

PCO(R,R) = { fePCERR)| lim |f(n]dr = 0},

1 s
lim — f |f(t)|dt=0}.
ro+e0 21 J_,.

DeriniTion 2.6 [12]. A function f € PC(R,R) is said to be piecewise pseudo
almost periodic if it can be decomposed as f = g + ¢, where g € AP7(R,R) and
pe PAP(} (R,R). Let PAP7(R,R) denote the set of all such functions.

PAP)(R,R) = { f e PCR,R)

Note that PAP7(R,R) is a Banach space when endowed with the supremum
norm || - ||.

Remark 2.7. PAPY.(R,R) is a translation-invariant set and PC}.(R, R) ¢ PAP)(R,R).
The following is similar to a result of Diagana [9, Lemma 2.5].

Lemma 2.8. Let {f;}nen C PAP(}(R, R) be a sequence of functions. If {f,} converges
uniformly to f, then f € PAP(}(R, R).
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3. Main results

Consider the following impulsive neoclassical growth model with delay:

X (1) = —a()x(t) + Z Bit)x(t — T))e MOt e R, £ # 1, G
i=1 .

Ax(ty) = yix(te) + I(x(tx)) + 0, k€N,

where 0 > 1, a(?), Bi(®), n;(t) e CR*,R*), 1; 20 (i =1,2,...,m), v, 6k € I®(Z,R")
and I;(x) € C(Q,R") for x € Q, k € N. Together with (3.1), we consider the initial
condition

Xo =&, (3.2)

where £ € PC([o — 7,07], R") and T = max <<, T;. Since we are interested in solutions
of economics significance, we restrict our attention to positive ones. Related to (3.1),
we consider the linear system

{x () =—a@)x(t), teR", t+1, (33)

Ax(ty) = yix(t), keN.

From the work of Samoilenko and Perestyuk [16], it is known that the linear
system (3.3) with an initial condition x(#y) = x¢ has a unique solution x(t; #y, xo) =
W(t, tp)xo, to, Xo € R*, where W is the Cauchy matrix of (3.3) defined as

t
e_f.\- a(r)dr’ -1 <SS <t I,
k+1
i=m

Wi(t,s) = {

. —f‘a(r)dr
(1 +vyp)e s y Il <SSty S <t S iy

For convenience, if f(¢) is a bounded continuous function, let

fT=sup f@), f~ = inf f@).

teR*

In this paper, we make the following assumptions.

(A1) The set of sequences {t,{} are equipotentially almost periodic.

(A7) @ € C(R*,R") is almost periodic in the sense of Bohr and there exists a constant
> 0 such that a(f) > p.

(A3) The sequence {y;} is almost periodic and —1 <y, <0, k€ N.

(B1) The functions B;(¢), n;(t) € PAP(R*,R*),i=1,2,...,m.

(B2) The sequence {0} is pseudo almost periodic and supqy [0k < @, k € N.

(B3) The sequence of functions {/;(x)} are pseudo almost periodic uniform with
respect to x € Q and there exist constants A, L > 0 such that |[t(x)| < 4,
() = ) < Lix = yl, ke N, x,y € Q.

(H;) There exists a constant ¢ > 0 such that Z:’;I,B;rﬂ‘q + u(A + @) /(1 — e™) < ud.

(H>) The condition )", ,B;rﬂe‘l(e +Inf) + uL/(1 — e™#) < u holds.
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Lemma 3.1 [3]. Let (A1)—(A3) be satisfied; then, for W(t, s) in (3.3), there exists a
positive constant p such that |W(t, s)| < e =9 t> s, t, s € R*.

Lemva 3.2 [3]. Let (A)—~(A3) be satisfied; then, for € >0, t e R*, seR*, 1> s,
It —t] > & |s — | > & k €N, there exist a relatively dense set A of e-almost periods
of the function a(t) and a constant M > 0 such that |W(t + w, s + w) — W(t, 5)| <
eMeH =92 for w € A.

First, we give the result for the almost periodic case, that is, the case for which the
following conditions are satisfied.

(Cy) Bi(®), ni(t) € CR*,R™) are almost periodic in the sense of Bohr, i = 1,2,...,m.

(C2) The sequence {64} is almost periodic and sup,y [0k < @, k € N.

(C3) The sequence of functions {[x(x)}, kK € N, are almost periodically uniform
with respect to x € Q and there exist constants A, L > 0 such that |I(x)| < 4,
k() = L) < Lix -yl k€ N, x,y € Q.

For ¢ > 0, define D = {¢ € APr(R*,R*) : ||l¢]| < 9}

Lemma 3.3. Assume that (A1)—(A3), (C1)—(C3) and (H}) hold and ¢ € D. Then

(Fo)) = f W, 5)g,(s) ds + Z W, 1)Ui(e(t)) + i) € D, (3.4)

o<t
where g,(s) = Y1, Bi(s)¢?(s — 1;)e MO,

Proor. Note that fort; <t < t,1, j € Z,

S S guien $ o 1
1 — e«

1<t —oo<k<j 0<m=j—k<+o0

then, by Lemma 3.1, for ¢ € D,

||7:‘,0|| < sup{f |W(t, S)|(Z Wi(S)QDH(S — T,')e_ﬂi(s)so(s—ﬂ)l)ds

teR oo =1

+ 2 WG I + 152D

1<t
1 m
<sup{ [ 1wy 10 )ds + Y e P + 5
1€R tJ—co i=1 <t
1< A+@
<= + 9) <
_#(;ﬂlﬁ +1—e‘/"<_ﬂ
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For #; < t < 341, Samoilenko and Perestyuk [16] have shown that there exist w, g such
that

IF ot + w) — Fo)]| < sup{ f Wt + w, s +w) — W(t, $)llgo(s + o)l ds}

teR oo

+ Sup{f W, 5)llge(s + w) = ge(s)l dS}

teR e

+5up{ 3 WG+ 0 181) = W 101k + 000

teR o<t

+sup 3 WG 10lieg = 0l + 3 IWCE 80600 = ol

teR

1<t 1<t
< Ceg,
where
M o L, )\ M+ @) 2
€= T;ﬁiﬂ +ﬁ(;ﬂi +mo )+ o2 " 1=’
which implies that F¢ € APy (R*,R*); thus, F ¢ € D. O

TueorREM 3.4. If (A1)—(A3), (B1)—(B3) and (Hy)—(H,) hold, then equation (3.1) has a
unique positive solution x € PAPT(R*,R*).

Proor. Define D = {¢ € PAPT(R*,R*) | |l¢l| < ¥} and F in D as in equation (3.4).
Since O = Ik(QD(tk)) [S PAP(Z, R+), oy € PAP(Z, R+), let 6; = Mk + Vi, O = ai + bk,
where Mi, A € AP(Z, R+), Vi, by € PAPy(Z, R+). Let 8p =81 182 81 € APT(R+, R+),
g € PAP)(R*,R"). Hence, F¢ = Fi¢ + Faip, where

Fro = f W(t, $)gi(s)ds + Z W, fi)(ar + ),

<t

1
Fap = f W(t, $)ga(s)ds + > W(t, 1) (b + i) 1= Hy + Ho.

1<t

Similarly as in the proof of Lemma 3.3, F1¢ € AP7(R*,R*). Next, we show that
Frp € PAPY.(R*,R"). In fact, for r > 0,

1 a f
dtS; f f e 9| \go(5)|| ds dt

:f e D, (s)ds,
0

where ®,.(s) = (1/2r) er llg2(t — s)|| dt.  Since g, € PAP(%(RJUR*), it follows that
S —s)€ PAP‘%(Rﬂ R*) for each s € R by Remark 2.7; hence, lim,_, ;. ®,(s) =0

f W(t, s)g2(s)ds

1 T
2 J,
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for all s € R. By using the Lebesgue dominated convergence theorem, H; €
PAP)(R*,R*). Now, we show that H, € PAP).(R*,R*). For a given k € Z, define
the function &(¢) by £(¢) = W(t, t;)(by + i), t <t < f;41; then

tlim HOE tlim (W, t)(by + vi)| < tlim e FW(|be| + ve]) = 0,
—+00 —+00 —+00

so that ¢ € PCO(R*, R*) ¢ PAPY(R*,R*).  Define &, : R — R* by &,(1) =
W(t, txe) Brin + Viem), tk <t < trr1, m € N* sothat &, € PAP(}(RJZ R™). Moreover,
IEn(D] < suppez(bel + [vil)e ) < sup, o (1bi] + [vil)e™ e M Therefore,
Yy &y is uniformly convergent on R, so that H, € PAP}(R*,R*) by Lemma 2.8.
Hence, ¥ is a self-mapping from D to D. Let ¢, ¥ € D; then

f m

IFe - Fuyll < f W, s)[ Bi(5)e MG (g — 1y — g (s — 1)
o 1

i=
m

+ Zﬁi(sw"(s — 1)l M=) _ 6777[(5)'1/(5*7'[)|:| ds
i=1

+ D W (1) = Tz

<t

! m m
< [ was Y go0 e Y pine’)ds- - i
- i=1 i=1

+L Z W(t, to)le(t) — w(t)|

<t

1 < L
<|=> g%\ @e+vn)+ ] —yll.
[# ;ﬁ, @+ 97) + 7 |lle ~ v
Hence, equation (3.1) has a unique positive solution x € PAPr(R*,R*). O

Next, if 7; = 0, the following result holds for the PAP7 solution.

TuEOREM 3.5. Assume that (A})—(A3), (B1)—(B3) and (H,)—(H3) hold. If [In(1 + L)]/« +
> ﬂjw—l(e +9n!) <, then the unique PAPy solution, x(t), of (3.1) is exponentially
stable.

Proor. Let y(7) be an arbitrary solution of (3.1) and (3.2), and x(¢) be a unique positive
PAP7 solution of (3.1) with the initial condition x, = £. Then

V(D) = x()] < eHNE =] + f e‘““‘”[ DB+ 0n,*>]|y(s> — x(s)| ds
o i=1

+ ) eI @) - X1,

o<t <t

Let u(z) = [y(¢) — x(r)|e"’; then

u(t) < u(o) + f { ﬁ;ﬂe-l(ewnj)}u(s)dﬁ > Lutap.
o =1

o< <t
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By the generalized Gronwall-Bellman inequality [16],

uy <ute) [ (1 +Lyexp ((z - a){i Br9%1(6 + 1917,.*)})
i=1

o<t <t
In(1+L) <
< u(c) exp ({n(—” + oo+ ﬁn;’)}(t - 0')),
K i=1
that is, |y(1) — x(1)] < |€ = Zlexp((t — o){In(1 + L)/« + Y7, B 9916 + In}) — p}). Then
it follows that the unique PA Py solution of (3.1) is exponentially stable. O
4. Example

Consider the following impulsive neoclassical growth model with delay:

x/ = _a(t)x(t) +ﬁ(t)x2(t _ T)e*W(t)x(th)’ te R’ t# tk’ (4 1)
Ax(ty) = yrx(t) + Ok, keN, ’

where 7 > 0 and

1 1
h=k+ leink — sin \/Ekl, Vi = —g(lsinkl + |sin 7k]),

1
6, = 3(sink| + Isin V2K)) + 3 a(f) = [sint| + [sin V21 + 5,

_ 1
1+ k2’

1 1 3
ﬁ(l) = ElCOS t+ ElCOS \/Etl + m,

1 2 1 ) 1
n) = 3 cos“t+ 3 cos® V2t + 3010
Then 6, € PAP(Z,R*) and y, € AP(Z,R*), =1 <y, <0, so that (A3) and (B,) hold
with @ = 1. Note that {t]’(}, keZ, jeZ, are equipotentially almost periodic and
k = infrez(tis1 — 1) > 2/5 > 0 (see [12, 16] for more details). Hence, (A1) holds. It
is not difficult to see that (A,), (B1) and (B3) hold with u =5, L = 0. Since 8 = 0.5,
n*t =1, (Hy) and (H3) hold with ¢ = 2. By Theorems 3.4 and 3.5, equation (4.1) has a
unique solution x € PAP7(R*, R") which is exponentially stable.

5. Conclusion

In this paper, dynamics of the pseudo almost periodic solution for the impulsive
neoclassical growth model are investigated. The Banach contraction mapping
principle and the Gronwall-Bellman inequality are the main tools used in carrying
out the proofs.
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