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1. Introduction

Lotka-Volterra systems are very important mathematical models in the theory of mathematical
biology, often deeply perturbed by activities of human exploitation, such as, crop-dusting,
deforestation, hunting, harvesting. To accurately describe these systems, one need to use impulsive
differential equations. Basic theory of impulsive differential equations can be found in
monographs [1-3].

Over the years, much attention has been paid to the dynamical behaviors (such as, the permanence,
extinction, global asymptotic behavior) of Lotka-Volterra systems with impulsive effects (see [4—6]).
Thereinto, the existence of positive periodic solutions is important direction. Many important and
interesting results can be found in [7-10] and references therein.

In paper [10], by applying the Mawhin’s continuation theorem, the authors obtained the existence
of periodic solutions of a non-autonomous Lotka-Volterra network-like predator-prey system with
harvesting terms:
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{N,-’ (1) = Ni(®lai(t) = biONi(t) = 2y pzi Cir(OND) = 2y di (DN (O] = hi(D), (1.1)

N, () = Ny j(Ole (1) = BiON j(0) = L1 1 V1 j(ONuri(@) + X1y 05 j(ON{(D)] — (D).

The properties of almost periodic solutions of different classes of biological models have been
extensively investigated during the years [11-15] since these states are more general that the pure
periodicity and consistent with real world. In addition, as the generalization of periodicity, the interest
in the investigation of almost periodic solutions of models is sometimes caused by the absence of
periodic solutions [16].

In fact, the Mawhin’s continuation theorem is one of the powerful and effective methods on the
existence of periodic solutions to periodic systems (regardless of the systems with impulse or not).
Concerning the almost periodic solutions, to our best knowledge, it is usually employed to prove the
existence of almost periodic solutions for differential equations without impulse, such as [17, 18].
There are rarely articles applied this method to prove the existence of almost periodic solutions for
impulsive differential equations, except [19,20]. Li and Ye [19] considered the existence of almost
periodic solutions of impulsive non-autonomous Lotka-Volterra predator-prey system with harvesting
terms:

N{(®) = Ni(Dlai(®) = biO)Ni(t) = X_y s Cir(ONH(E = T;,(1))
- ZT:] d,',j(l)Nn_'_j(t - O'l"j(t))] - h,‘([), t# 1y, I = 1, 2, .,

N, () = NusjOl j(1) = BN j(0) = X1 12 V1, ONwsi(t — 0,,(0)) (1.2)
+ 20 0 j(ON(t —vi ()] —ej(t), t#t,j=1,2,..m,
Nu(#)) = (1 + pp)Ni(tp), h=1,2,.n+mkeZ".

where, i = 1,2,..n, j = 1,2, ...m, a;(-), b;(-), and h;(-) are the ith prey species birth rate, death rate and
harvesting rate, respectively; a;(-), §;(-) and e;(-) stand for the jth predator species birth rate, death
rate and harvesting rate, respectively; c;,(-)(i # r) represent the competition rate between the ith prey
species and the rth prey species; d; ;(-) represent the jth predator species predation rate on the ith prey
species; v, ;(-)(I # j) stand for the competition rate between the Ith predator species and the jth predator
species; 0; j(+) stand for the transformation rate between the ith prey species and the jth predator species;
7ir(+), 0, j(+), 0., (), v j(-) are the time delays; pj are the impulsive oscillations.

In order to obtain the existence of almost periodic solutions of Eq (1.2), Li and Ye [19] transformed
Eq (1.2) into Eq (3.1) in [19].

By employing Lemmas 2.3 and 2.4 in [19] and the Mawhin’s continuation theorem in coincidence
degree theory, the existence of almost periodic solutions of Eq (3.1) in [19] was obtained. Based on
this, the existence of almost periodic solutions of Eq (1.2) was obtained (Theorem 3.1 in [19]). In the
proving process, Li and Ye acquiesced that the almost periodic solutions of Eq (3.1) in [19] belonged to
C!, which is also an important and necessary condition in order to use Lemmas 2.3 and 2.4. However,
obviously, the solutions of Eq (3.1) in [19] don’t belong to C".

Motivated by these, we still use the Mawhin’s continuation theorem to investigate the existence of
almost periodic solutions of Eq (1.2). The main contribution of this paper is: (1) The result of this
paper corrects and generalizes the previous results in [10, 19]; (2) The method used in this paper can

AIMS Mathematics Volume 7, Issue 1, 925-938.



927

be applied to study the existence of almost periodic solutions of impulsive differential equations with
linear impulsive perturbations.

The remaining parts of this paper are organized as follows: The next section presents some
preliminaries; In section 3, by employing the Mawhin’s continuation theorem of coincidence degree
theory, a criterion is established for the existence of almost periodic solutions of system (1.2). Finally,
an example and its corresponding numerical simulation are presented to explain our theoretical result.

2. Preliminaries

Some preliminaries will be presented in this section in order to prove our main result in Section 3.

Definition 2.1. ( [21]) ¢(-) € C(R,R") is said to be almost periodic in sense of Bohr if Ve > 0, there
exists a relatively dense set T (¢, €) such that if T € T(g, &), then |p(t) — ¢(t + 7)] < € forall t € R.
Denote by ap(R,R") all such functions.

Definition 2.2. ( [3]) Let ¢(-) = (¢1(:), $2(-), ..., (+)) be a piecewise continuous function with first kind
discontinuities at the points of a fixed sequence {t;}, we call ¢ almost periodic if:

1){t;} is equipotentially almost periodic, that is, Ve > O there exists a relatively dense set of e-almost
periodic common for any sequences {t,i}, t,i = tewj — s

2) Ve > 0, 36 > O such that if the points t',t” belong to the same interval of continuity and
[t —t'| <0, then |p:(t') — ¢i(t")| < &, i=1,2,...n;

3) Ve > 0, there exists a relatively dense set T (¢;, €) such that if T € T(¢;, €), then |p;(t)—¢;(t+7)| < €
for all t € R which satisfy the condition |t — t;| > &,i=1,2,..n,k=0,+1,+2, ...

Denote by AP(R,R") all such functions.

Now we introduce some basic notations. Let g be continuous or piecewise continuous function,
we denote g¥ = sup,; 1g(0)|, g~ = infr |g(r)|. Suppose f € ap(R,R") or f € AP(R,R"), a(4, f),
Ay ={4,a(A, f) # 0} and m(f) denote the Fourier coeflicient, Fourier exponent set and the mean value
of f, respectively. mod(f) means the module of f.

Further theory of almost periodic functions can be found in the literatures [22-28]. Besides,The
following lemmas are important for our result.

Lemma 2.3. ( [20] Favard’s theorem of AP function) Suppose f € AP, there exist &y > a > 0 such
that VA € Ny, ay > (4] > a, £2,la(A;, f)I < +oo, then the primitive function of f is almost periodic
function in sense of Bohr.

Lemma 2.4. ( [22]) Suppose f, g € ap, the following two conditions are equivalent:
1) mod(f) C mod(g);
2) For any € > 0, there exist 6 > 0 such that T(g,0) C T(f, &).

Lemma 2.5. ( [23]) The necessary and sufficient condition that a family F of functions from ap be
relatively compact is that the following properties hold true:

1) F is equi-continuous,

2) F is equi-almost periodic;

3) For any t € R, the set of values of functions from F be relatively compact.
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Let X and Z be real Banach spaces, L : domL C X — Z be a linear mapping, N : X — Z be a
continuous mapping. L is called a Fredholm mapping of index zero if dimKerL = codimImL < oo and
ImL is close in Z. If L is a Fredholm mapping of index zero, there are continuous projects P : X —
X,0 : Z — Z such that ImP = KerL, ImL = KerQ = Im(I — Q). It follows that L|domL N KerP :
(I = P)X — ImL is invertible. We denote the inverse of that map by K. If Q is a open subset of
X, the mapping N on Q x [0, 1] will be called L—compact on Q if ON(Q x [0, 1]) is bounded and
K,(I - Q)N : Qx[0,1] - X is compact. Since ImQ is isomorphic to KerL, there exist isomorphisms
J : ImQ — KerL. The following result is proved in [29].

Lemma 2.6. (Mawhins continuation theorem) Let Q. C X be an open bounded set, L be a Fredholm
mapping of index zero and N be L—compact on Q x [0, 1]. Assume

1) For each A € (0, 1), every solution x of Lx = AN(x, A) is such that x ¢ 0Q;

2) For each x € KerL N 02, ON(x,0) # 0;

3) deg(JON(x,0), KerL N Q,0) # 0.

Then Lx = N(x, 1) has at least one solution in domL N Q.

3. Main results

In this section, by means of the Mawhin’s continuation theorem of coincidence degree theory, we
investigate the existence of almost periodic solutions of Eq (1.2). To do so, we firstly consider the
following equation:

Yi(t) = yilai(t) = bi(t)yi(t) = T i Cir(y(t = Ti (1))

-2 d; {(Oyns j(t — 0 ()] — hi(D),i = 1,2, .1,
Y {0 = Y jOL () = BiOyns j(O) = X1 1 V17O nst = 6,,(D))

+ 30 6 (it —vi ()] — &), j=1,2,..m,

3.1

where

bi(t) = bi(®) [To<y (1 + pi)s  hi(®) = hi(0) [Toey (1 + pi) "o ir = 1,2, .1,
Cir() = ¢ir(®) [Toct<t—r, 0 (1 + Pri)s d;j(1) = d; (1) o<t <t- (L + Prsji)s 7 # 15
Bj(f) = Bi(D) [To<y<c(1 + pusji),  €j(1) = ej(1) [To<y (1 +pn+j,k)_lv l,j=12,.m,
Y150 = Y10 Tocy<r-a,00 + Prs1n)s  0ii® = 61 (0) [octarv, (1 + pin)s L # J.

Remark 3.1. In paper [19], the authors define ¢;,(?), c?,-, (1), ¥.,(t) and 5‘,-, j(#) in other forms. We think
those should be the forms above. Throughout this paper, we suppose the following hypotheses hold:

(H1) a;(+), bi(), ciy(+), Tir(), di,j('),O'i,j('),hi('), a’j(')’ﬁj(')")’l,j(')s 91,;(')5i,j('), Vi,j(') and ej(') are all
positive almost periodic functions in sense of Bohr, i,r = 1,2,..n,1, j,= 1,2,...m. {py} are almost
periodic sequences, h = 1,2, ...,n + m, {t;}is an equipotentially almost periodic sequence.

(H2) [To<y<i(1+pi)s TTo<s<r (1 +0n+ )5 Tlocs<t—r, 01 +05)s To<ty<i—cry 00 (L +Pnji)s To<y<i-6,,00 (1 +
Pr+i)s and [To<y <oy, (1 + pu) are all positive almost periodic functions, infrer [Jo<; < I(1 + pip)] >
0, inf,cg Hoiw (1 +p,1_+j,k)| >0,i,r=1,2, M, l,j_: 1,2,...m. i

(H3) m(b;) > 0,m(B;) > 0, m(a;)* — 4m(b;)m(h;) > 0,m(e;)* — 4m(By)m(;) > 0,i = 1,2,.n,j =
1,2,..m.
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The solutions of Eqgs (1.2) and (3.1) satisfy the following relations:

Lemma 3.2. Suppose (H2) is satisfied, the following results hold:
1) If N(t) = (N1(1), ..., Npo(2)) is a positive AP solution of Eq (1.2), then

30 = @10 Yuen®) = [ [ A+ 10 N, s [ ] A+ prns)™ N0
O<tr<t O<ty<t
is a positive ap solution of Eq (3.1);
2) If y(t) = (y1(2), ... Yuem(2)) is a positive ap solution of Eq (3.1), then

N@®) = N1 (@), oo N = | ] A+ p1031@, s | ] 1+ Primidymen()

O<ty<t O<ty<t
is a positive AP solution of Eq (1.2).
Proof. If N(t) = (N(¢), ..., Nuym(2)) 1s a positive AP solution of Eq (1.2), forany i = 1,2, ...,n + m,

ey = | | A+pp™ N = [ ] A +p0™ A+ pidNitt) = yito).

O<t,<tk+ 0<t;<t;'

Since [[o<;«(1 + pir) € AP, and infreg [To<;< (1 + pa)| > 0, from [20], we know [, (1 + pik)_1 €
AP, i = 1,..n+ m. Then, y(t) = (0i(®), ..., yusm(?)) € ap; If y;(-) € ap, it follow from (H2) that
Ni(®) = [To<y<(1 + pi)yi(t) € AP, i = 1,..n + m. Similar as [19], the rest proof of Lemma 3.2 can be
obtained easily, we omit it here. O

By making the transformations y;(r) = €%, y,,;(t) = €™V, i = 1,2,..n, j = 1,...,m, system (3.1)
is changed into:

i (t) = di (t) b (t)eXL(t) Zr Lr#i cl,r(t)exr(l_ﬂ’r([))

— Z]:] di’j(t)eXnJr](f (ij(t)) — }_li(t)e—xi(l)’ l' — 1’ 2’ .”n,
xz/1+j(l) = (1) _Bj(l‘)ex”“'f(t) - Z;il,l;tj )‘/l,j(t)exml(t—@.j(t))

+ Y 61 (De D) — g (e O j = 1,2, ..m.

(3.2)

Obviously, the existence of ap solutions of Eq (3.2) can lead to the existence of strictly positive ap
solutions of Eq (3.1). Then, it follow from Lemma 3.2 that there exist strictly positive AP solutions of
Eq (1.2). Due to this, we concentrate on solving the existence of ap solutions of Eq (3.2). we take

Xi ={x = (X1, .0, Xun) € ap : mod(x;) C mod(F),YA € A,y > |A| > a,i=1,...,m+n}U{0},
Zy ={z= (21, ..-Zmsn) € AP, z;(-) are piecewise continuous with discontinuous points{#;},
mod(z;) C mod(F),NA1 € A,y > |1 > a, Z;’;l la(d;,z;)| < +o0,i=1,...,m+n} U {0},

ZZ = X2 = {-x = (hl9h29 ceey hm+n) € Rm+n}’

where, @ and a; are given positive constants, F is given almost periodic function in sense of Bohr.
Define X = X; ® X,,Z = Z, & Z, with the norm ||¢|| = max;<;<y+m SUP,r |¢:(t)l, d € X or Z.
By using Lemma 2.3, similar to the proof of Lemma 3.3 in [20], we can obtain
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Lemma 3.3. X and Z are Banach spaces equipped with the norm || - ||.

Lemma 3.4. Lert dre d J
X1 axp Xm+n
L:X Z,L(x1, %2, cco, Xppan) = (—, —, ...,
— Z, L(x1, X2, ., Xiin) = ( o 7

)s

then L is a Fredholm mapping of index zero.

Remark 3.5. (1) In Lemma 3.4 in [19], the authors took X = Z = V; EBVZ, L:X - Z Lz =
7 = (2], 2y ey Zpy)- Obviously, 7' should belong to a piecewise continuous function space, hence, Z
appeared in Lemma 3.3 in [19] was not suitable.

) If f € ap, VA € Ay, || > a > 0, then f has ap primitive function. It doesn’t hold for AP
function. Lemma 2.3 implies that if f € AP, VA € Ap,a; > |A] > a > 0, 372, la(4;,2)| < +oo, then f
has ap primitive function. That is the reason why we take Z; like that.

Let
P:X > X, P(X1, .0y Xpy ooy X)) = (m(x1), ..., (%), oo, M(Xppin)),
Q:Z = Z, Oy s Zns ooes Zman) = (M(21)5 ooy MU(Z1)s v M(Zipin)),
N:XX[0,1] = Z,N(x1, ..., Xy eees Xppans A) = (N(x1, ), ooy, N(x, D)y oo. N Xy 1)),
where

n

N(xi(1), ) = ai(t) - bi(t)e"™ — A Z &, (1)e=Tir®
r=1,r#i
-y Z gi’j(t)eij(t—m,j(t)) _ }_li(t)e—xi(t)’ i=1,2,..n,
j=1
N(X,H_j([), A) = a/j([) _Bj(t)exn+j(t) -2 Z ’5/1,j(t)€x"+](t_gl'j(t»

I=1,0#j

n
FA Y6 DD — 3 (e O, =1, m,
i=1

then we have:
Lemma 3.6. N is L-compact on Q, (Q is an open, bounded subset of X).

Proof. Firstly, it is easy to prove that P and Q are continuous projectors such that
ImP = KerL,ImL = Im(I — Q) = KerQ,

where [ is identity mapping. Hence, L|domL N KerP : (I — P)X — ImL is invertible. We denote the
inverse of that map by K,,. K, : ImL — KerP N DomlL has the form:

Kpz = Kp(21: 220 cor Zaem) = f z1(s)ds — m( f 21(s)ds), ... f Zmen($)ds = m( f Znen(8)ds))
0 0 0 0
then,

AIMS Mathematics Volume 7, Issue 1, 925-938.
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ON(x,4) = (ON(x1, ), ..., ON(Xp4n, D)),
K,(I = QIN(x, A) = (f(x1()) = Qf (x1(5)), ..cr f(Xman(®) = Of Xinin(2))),
where

f(xi(1) = f(N(x,-(s), A) — ON(x;(s), D))ds, i =1,2,...,n+ m.
0

Obviously, ON and (I — Q)N are continuous, so is K,,. In fact, for any z = (z1, 22, ..., Zn+n) € Z1 = ImL,
according to Lemma 2.3, we know fot zi(s)ds € ap. Besides, we have:

Apas MOV = By = Apro i m( iy 8= 1,2, m+m.

Since mod(z;) € mod(F), then mod( fot zi(s)ds) € mod(F). It follows from Lemma 2.4 that for any
g > 0, there exists § > 0 such that T(F, ) C T( fot zi(s)ds, €). Let [ be the inclusion interval of T'(F, ).

For any ¢ ¢ [0, 1], there exists & € T(F,0) C T(j; zi(s)ds, €) such that t + & € [0, 1], hence, for any
i=1,2,..n+m,

¢ 1 ! 1+& t+&
sup | zi(s)ds| < sup| | zi(s)ds|+ sup | zi(8)ds — f zi(s)ds| + sup | zi(8)ds|
0 0

teR 0 t€[0,1] 0 t¢[0,1] t¢[0./] 0
! 1+&
< 25upf|z,(s)|ds+ sup | zl-(s)ds—f zi(s)ds|
te[0,1] 1¢[0,7] 0 0
<

2f |zi($)|ds + €.
0

We can conclude that K, is continuous, and consequently, K,(/ — Q)N is also continuous. In addition,
we also have K,(I — Q)N(x, A) is uniformly bounded in Q x [0, 1], ON(Q x [0, 1]) is bounded and
K,(I — Q)N(x, A) is equicontinuous in Q x [0, 1]. For any x = (X1, ..., Xp4m) € Q, A € [0, 1], since

(I = QN(x, 1) € Z; = ImL, Ak, i-onei) = Da-0)N@a)»

then, mod(K,(I — Q)N(x;,A)) = mod((I — Q)N(x;,4)) C mod(F). For any &€ > 0, 36 > 0 such
that T(F,0) C T(K,(I — Q)N(x;,A),¢&),i = 1,...,n + m, hence, K,(I — Q)N is equi-almost periodic in
Qx [0, 1]. According to Lemma 2.5, we can immediately conclude that K,(/ —_Q)N Qis compact, thus
N is L-compact on Q. O

Combining Lemmas 3.3-3.6, for Eq (3.2), we have the result:

Lemma 3.7. If (HI)—(H3) are all satisfied, then Eq (3.2) has at least one almost periodic solution (in
sense of Bohr).

Proof. Define the isomorphism J : ImQ — KerL be an identity mapping. We search for an appropriate
bounded open subset Q for the application of Lemma 2.6. Corresponding to operator equation Lx =
AN(x, 1), A € (0, 1) we have:

AIMS Mathematics Volume 7, Issue 1, 925-938.
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n

X = AMat)=bin)e™ =4 Y (e

r=1,r#i

=1 di e T — (e )i = 1,2, ., (3.3)

J=1

(0 = A0 = Bie™ P =1 g p)e

I=1,1#j

+A ) 80 T — g (e ), j = 1,2, .m. (3.4)
i=1
If x = (x1, ..., X,4m) € X is an almost periodic solution of system (3.2), then

) 1 T ) eI _ p2(0)
m(e*Vx, () = lim —f e xi(s)ds = lim ———— =0,k =1,.,n+m.
T—oo T 0 T—o00 T

Multiplying e¢%® i = 1,...,n, and e*® j = 1,2,..m, on both sides of the Eqgs (3.3) and (3.4),
respectively, then, taking the limit mean, we can obtain:

n m
/lm( Z Ei’r(t)exr(t_‘ri’r(t))exj(t) + Z d_i’j(t)ex’l+j(t_o-i’j(t))exj(t))

r=1r#i j=1
=m(a;(t)e"" — bi(t)e™ " — hi(1)), (3.5)
m n
/lm( Z 71’1,(t)eanrl(t_GLj(t))exn+j(t) _ Z 5i’j(t)exi(t_vi,j([))exn+j(t))
I=1,1#] i=1
=m(a;(H)e™” — Bi(H)e* " — &,(1)). (3.6)

From Eq (3.5), we can obtain:
m(ai (e — bi(ne™® — (1)) > 0,

hence,
0 > m(by(t)e™ " — aj(H)e™™ + hi(t)) = m(bLe™ ™ — a e + hb).

We assert that there exist &;,i = 1, ..., n such that

al — \J(aM)? — 4bLht 3aM + \J(aM)? — 4bLht
_ < M) < = ,i=1,..n,
4bl.L 4biL
then, there exist at least one &;,i = 1, ..., n such that
al — \J(aM)? — 4bEht 3aM + \f(aM)? — 4bFht
x;(E)| < |In = +|1n = ,i=1,..n. 3.7
(€D < | e | +1 e | (3.7)

Since X, € Zi, [ x(s)ds € ap,mod([ x/(s)ds) < mod(F),¥a € R,i = 1,...,n, it follows from

Lemma 2.4 that for £ = 1, there exist 6 > 0 such that T'(F,8) C T( fa ' x.(s)ds, 1). Let [ be the inclusion
interval of T'(F, ). Same argument as Lemma 3.6 can drive that
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t
(Ol = |xi(&) + f x;(s)ds|
&i
!
< (@)l + If x;(s)ds|
&i
[+l
< @)+ 1+ 2f lxi(s)lds, (3.8)
&i
i+l i+l B n
f W(s)lds = f lai(s) = Bi(s)e ™ =2 > & (e Vs
&i &i r=1,r#i
~ Z d_l_,j(t)exn+j(s_0'i,j(5)) — Iy s)e_xi(s)l
=1
,'+l
< f la;($)|ds. 3.9
&i
Combining (3.7)—(3.9), we know that foranyt e R,i=1,....,n
y al — \J(aM)? — 4b"ht 3aM + \[(aM)? — 4bFht
xi(t|| € 3la;” +3 +|In — +|In — Z X
|x; (2] i | 45 |+ e | = x;
Similar argument as above, from Eq (3.6), we know that:
m(aj(,)exn+_,~<z) _ Bj(t)ezxn+,-(z> —2,(t)) = m(— Z Si,j(t)e"f“‘vfnf(’)) i)y (3.10)
i=1
hence,
m(ayex"”(” _ Bﬁezx"”(t) _ EJL.) > m(— Z 5% et e i),
i=1
then,

n
AL 2x,. (1) M § <M M\ x.it —L
i=1

We assert that there exist &,,;, j = 1, ...m, such that

M M
< X < X nl. =
(Q?L"Z?:l M y— \/(‘1?/1*'2?:1 62”].(3 i )2—4ﬂj4eJL.

L] . .
_ < xn+_/(§n+/)
47 =€ i

- M - M _
3@ +XL, 6let )+ \/ (@) +30, ¥e'i )2 —4plel

eXn+j(§n+j) S 4BJL s

AIMS Mathematics
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then

i=1"4,j

- M - M _
(@M+3m Mt ) \/(aMJrz;’_lfsMexi )2-4pLel
. . < l J J ="y JJ
|xn+J(§n+j)| = | n 4BL_
J

- M - M -
3@ +3i, e )+ \/(0%27: | et )2 —aplel

i=1"4,j
+|In 2

Similarly, forany t € R, j = 1, ..., m, we have

An+j+l
|xn+j(t)| < |xn+j(§n+])| +1+ 2f |x;1+j(S)|dS
§n+j

;n+j+l n _
< P Ene )l + 1+ 2 f lor;(s) + Z (5i,j(S)exiM|ds
‘i:n-f—j i=1
< 343l + Z 5 e
i=1
(@ + T, 8y - (@l + 1, ety - 4ptet
+|In — _ |
4B;
3o + T 5ty + (@ + T 8 - 4t
Hin = a3
4ﬁjL.
Taking Q = {x € X, |Ix]| < 2max{x}, ..., x}1,}}, combining Lemma 2.6 in [9] and condition (H3), it is
easy to prove that that Q satisfies all the requirements in Lemma 2.6, hence system (3.2) has at least
one almost periodic solution in Q. The proof of the theorem is complete. O

From Lemma 3.7, we know that system (3.1) has at least one strictly positive almost periodic
solution in Q. It follows from Lemma 3.2 that:

Theorem 3.8. If (HI)—(H3) are all satisfied, then Eq (1.2) has at least one strictly positive almost
periodic solution.

Remark 3.9. (1) In order to obtain the existence of almost periodic solutions of Eq (1.2), Li and Ye [19]
transformed Eq (1.2) into Eq (3.1) in [19]. Unfortunately, Eq (3.1) in [19] was not correct. Besides,
They acquiesced that the almost periodic solution of Eq (3.1) in [19] belonged to C!, which was also an
important condition to get the existence of almost periodic solutions of Eq (1.2). However, obviously,
the solution of Eq (3.1) in [19] don’t belong to C'.

(2) Compared this paper with [10], Eq (1.2) is more general. Moreover, it is more realistic to study
almost periodic solution for a model than periodic solution. The sufficient conditions for the existence
of almost periodic solutions are more easier verification. Therefore, this paper corrects and generalizes
the previous results.

(3) The aim of this paper is to apply coincidence degree to study the existence of almost periodic
solution of system (1.2). we set new functional space Z;, and use the Favard’s theorem of AP function
to realize our purpose. Our method used in this paper can be applied to study the existence of almost
periodic solution of impulsive differential equations with linear impulsive perturbations.

AIMS Mathematics Volume 7, Issue 1, 925-938.
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4. Example

In this section, we present an example to demonstrate Theorem 3.8 obtained in previous section.
Consider the following impulsive Lotka-Volterra predator-prey system (4.1) with harvesting terms:

N{() = Ni(DI(5 + sint) — ZLZN, (1) — dy 1 (DN (1) — dy (N3 (0] — 2 1 1,
N5(1) = Np(DI(5 + sin 21) — HSZEN, (1) — y2,1(DN3(0) + 61,1 (N (1)] — L5021 # 1y,
N;(0) = N3(0I(5 + sin 31) — SN (1) — y1 ,(ON(1) + 612N (1)] — 04 1 2 1y,
Nu(t)) = (1 + pr)Ni(t1), h=1,2,3,

where, dl’l(l) = O.l,dl,z(l) = 0.04,)/1’2(1‘) = 0.04, )/2,1(l) = 0.15,61,10) = 0.6,61,20) =038, 1, =
{1,2,3, ..}, om = {—%, 1, —%, I, —%, 1,..},h=1,2,3.

Obviously, condition (H1) is satisfied. Moreover, [ ], (1 + pix) are positive piecewise continuous
periodic functions, inficg [To<;,< (1 + pix)l = % > 0,7 =1,2,3. Hence, condition (H2) holds. Besides,

we have

m(a;) = m(ay) = m(az) =5,

m(By) = mBy) = m(Ba) = m(@)) = m(@) = %
- 3 3r
m(h,) 3 + 7

Hence, condition (H3) holds. It follows from Theorem 3.8 that system (4.1) has at least one strictly
positive almost periodic solution. By matlab, we can give the simulation of Eq (4.1), see Figure 1.

120
100+
N3
> 80
‘0
c
(0]
o
S 60
k]
>
Q.
g
40
201
0 ‘ 7 N
0 2 4 6
Time

Figure 1. The existence of almost periodic solution for system (4.1).
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5. Conclusions

Based on the Mawhins continuation theorem, the existence of almost periodic solutions of impulsive
non-autonomous Lotka-Volterra predator prey system with harvesting terms was obtained. An example
and some remarks are given to illustrate the advantage of this paper.
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