DE GRUYTER Computational and Mathematical Biophysics 2024; 12: 20230125 a

Research Article

Anil Kumar* and Muslim Malik

An analysis of hybrid impulsive prey-
predator-mutualist system on nonuniform
time domains

https://doi.org/10.1515/cmb-2023-0125
received September 23, 2023; accepted February 09, 2024

Abstract: In this work, we propose a hybrid impulsive prey-predator-mutualist model on nonuniform time
domains. We have investigated the permanence/persistence results for the proposed model using the compar-
ison theorems of impulsive differential equations and some dynamic inequality on the nonuniform time
domains. In addition, we have established certain necessary requirements for the uniform asymptotic stability
of the almost periodic solution and global attractivity of the proposed model. Furthermore, we provide several
numerical examples on nonuniform time domains with computer simulation to demonstrate the viability of
the results of the acquired analytical work.
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1 Introduction

Ecological systems are characterized by the interaction between species and their natural environment [29].
An important type of interaction that affects the population dynamics of all species is predation. Thus,
predator-prey models have been the focus of ecological science since the early days of this discipline. In
literature, several articles are published related to predator-prey interaction [10,24,27,28,38,46]. But few results
are available of prey-predator-mutualist interaction [9,21,34,35,39,45]. Furthermore, it is well known that
mutualist species can reduce the capture rate of the predator species to the prey species. Therefore, our
main motive for this work is to study the prey-predator-mutualist interaction. Mutualism [42] is one of the
most important relationships between the species. Mutualism is a symbiotic association between any two
species, and the interaction between the two species is beneficial to both species. Mutualism occurs in many
important processes or systems, such as mycorrhizal associations, nitrogen, and even cell organelles [3]. For
example, ants prevent herbivores from feeding on plants [7], and ants prevent predators from feeding on
aphids [1,41]. In the study by Addicott [2], a general as well as a specific model, in which a mutualist modifies
the predation to the benefit of the prey, was considered and analyzed. The mutualist can help the prey in two
ways: first, by providing the resources so as to enhance the specific growth rate of the prey and, second, by
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deterring predators from preying upon the prey. Yang et al. [44] studied the permanence and the periodic
solution of the periodic predator-prey-mutualist system
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where X, y, and z represent the population density of prey, mutualist, and predator, respectively. The functions
0:(s) (i =1,2,3),b(s) (i =1,2),a(s), k(s), and di(s) (j = 1, 2, 3, 4) are nonnegative, rd-continuous, and almost
periodic functions. For more about prey-predator-mutualist system, one can refer [19,36] and reference
therein.

In literature, we have observed that when the size of the population is rarely small or the population has
nonoverlapping generations (in the case of semelparous species), then we use a discrete time population
dynamical system. One of the famous prey-predator systems at a discrete time is the classical Nicholson-
Bailey (NB) system given as follows:

ym+1 = rym e_azm’

1.2)
Zm+1 = cym (1 - e—lZZm)’

where prey grows exponentially in the absence of predator [31]. For more about the discrete time population
model, one can see [15,25,43] and references therein. Similarly, the prey-predator-mutualist system (1.1) can be
carried over to their discrete time system:

a(m)z(m)

Ou(m) = bi(m)x(m) = dmym) |

x(m + 1) = x(m) exp

y(m + 1) = y(m) exp|@(m) - ym)
dz(m) + dy(m)x(m) |
ki
2(m + 1) = 2(m) exp| -O(m) + dl(;fl’fflfl’z’g;l‘)(y’?fn)],

where x(m), y(m), and z(m) denote the mth generation population size.

From equations (1.1) and (1.2), we can observe that some species need a continuous time domain for their
mathematical modeling and some need a discrete time domain. Besides that, there exist some species whose
development cycle depends on both discrete and continuous time domains, e.g., many insect population (like
Bumble bees, Pharaoh cicada, Magicicada septendecim, and Magicicada cassinii [26]). These are continuous
during the season (and may follow different scheme with variable step size) and die out in winter, while their
eggs are in incubating or dormant and then hatch in a new season, giving rise to a nonoverlapping population.
Hence, to model these types of species, we need the time domain, which includes both continuous and discrete
time. In addition, it had been a challenge for mathematicians to solve this type of problem, which involved
combining discrete and continuous time domains into a single mathematical theory. To overcome this type of
problem, Hilger [13] proposed the idea of timescales calculus, which will unify the discrete and continuous
analysis into a single unified theory. A timescale theory is an arbitrary nonempty closed subset of the real
numbers, i.e, R, and is denoted by T. In literature, many authors studied the prey-predator system on
timescales, see [12,18,23,30,40] and references therein. Li and Zhang [23] proposed the model with feedback
control and established the permanence results on timescales. Dhama and Abbas [12] considered the Leslie-
Gower prey-predator model and studied permanence and stability using timescale calculus.

Many times, it is essential to take the model with impulsive effects because, at a specific moment, many
species experience a sudden change in their states due to harvesting, natural disasters, and other man-made
activities (e.g., pesticides). So, taking the predator-prey model with impulsive effects is more realistic. In
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literature, many physical problems are characterized by sudden changes in their states. These sudden changes
are known as impulsive effects in the system [6]. For more about the impulsive system, one can see [4,17,33,37]
and references therein. Li et al. [22] investigated an impulsive prey-predator system as follows:

z{(s) =z(s)(n(s) = bi()z(s) - ¢(8)z3'(5)),
25(s) = 2(S)(=1a(S) + Be($)zi($)z3(s) = ba($)z(S)), S * T,
z() =1 + h)za(w),

() =1+g)n(t), s=tu,k=12 ..,

(1.3)

where z(s) denotes the density of the prey species and z(s) denotes the density of predator species.
By constructing a suitable Lyapunov function and using the comparison theorem of an impulsive differential
equation, the authors studied sufficient conditions that ensure the system’s permanence and global attractivity.

Moreover, functional response describes the variation in the number of prey engaged per unit of time per
predator as the prey population varies. In 1965, Holling [14] presented three distinct types of functional
responses to different kinds of habitats to explain the phenomenon of predation, which built the basic
Lotka-Volterra model quite realistic. The Beddington-DeAngelis functional response was proposed by Bed-
dington [5] and DeAngelis et al. [11] in 1975. It is similar to the Holling-type functional response, but it includes
an additional term to describe mutual interference by predators.

In literature, not a single publication is available that discusses the analysis of the hybrid impulsive prey-
predator-mutualist model on nonuniform time domains. Therefore, motivated by the above observation and
discussion, in this work, we analyzed the dynamics of a hybrid impulsive prey-predator-mutualist system on
nonuniform time domains given as follows:

@4(s) = 04(s) = by(s)e®® - __G(5)e™® S#*S, SE][Sy®) keN (1.4
1 1 1 dl(s) i dz(S)e(DZ(s)’ k> 0> TS 5 3
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ki(s)a(s)e®®
Ao — _ 1 _
P3(5) = 04(8) = O5(8) * 5 6) + dy(s)e®® by(s)e™, s#s, s€|[so, o)y, kEN, (16
i(s;) = Da(s) +log(1 + hy), s = s, 1.7)
Dy(sg) = Da(s) + log(1 + hy), s = s, 1.8)
Dy(sg) = Dy(se) + log(1 + hy), s =5k, 1.9)

where @, ®,, and @3 represent the population density of prey, mutualist, and predator, respectively. The

functions ©;(s) (i = 1,2,3,4),bi(s) (i = 1,2),a(s), k(s), and di(s) (j = 1, 2, 3, 4) are nonnegative, rd-continuous,

and almost periodic functions. In addition, 8;(s)(i = 1, 2, 3) and b;(s)(i = 1, 2) are strictly positive functions, and

the biological meaning of all the parameters are given below:

(1) ©4(s) is the intrinsic growth rate of prey species @;.

(2) ©,(s) is the intrinsic growth rate of mutualist ®,.

(3) O4(s) is the birth rate of predator species ®s.

(4) ©3(s) is the death rate of the predator species ®@s.

(5) a(s) is the coefficient of the functional response.

(6) Kki(s) is called the conversion rate, which denotes the fraction of the prey biomass being converted to
predator biomass.

(7) by(s) denotes the predator density-dependent rate.

(8) The terms dy(s)e®® and d4(s)e®® measures the mutual interference between predators and prey species,
respectively.

Also, we consider in equation (1.6) that b,(s)e®s represents the density restriction term of predator population;
this type of assumption is required because the density of any species is restricted by the environment [32].
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@4(0) > 0, D»(0) > 0, and D3(0) > 0, s is an impulsive point, 0 < sy < §; < §y<+-< §<--- , and N is the set of
positive integers. @;(sy) = lim,_¢®i(sx — a) and ®(sy) = lim,_.¢®@;(sx + a) denote the left and right limit of
Dy(s) at s = sk, DP1(S;) = D1(Sk), Po(sy) = Da(sk), and DP3(s;) = D3(sk). Also, we assume that hy, hy, and hy,
k=1,2,.., are constants.

Remark 1.1. For T = R, x(s) = ™), y(s) = e®49), and z(s) = e®®). Then, Model (1.4)—(1.9) become

x i _ a2z
& = X@1®) = bals)x di(s) + dz(s))’]’
dy S A—

as %97 G+ dieon ]

dz _ | _(s)a(s

as %0 e+ aey O

x(s¢) = (1 + hi)x(si),
Y(s0) = A+ hy(so),
z(sg) = (1 + h)z(sp).

Remark 1.2. For T = Z, x(s) = e®1®), y(s) = %), and z(s) = e®). Then, Model (1.4)-(1.9) become

X(s + 1) = X(5) exp{1(s) = by(s)x - %’
Y(s +1) = y(s) exp|Os(s) = m”

Kk
z(s + 1) = z(s) exp{-05(s) + % - bZ(S)Z”

x(sg) = (1 + hx(sy),
Y(sg) = A+ h)y(sp),
z(sg) = (1 + h)z(sp).

Therefore, by Remarks 1.1 and 1.2, we observe that our model will serve both continuous and discrete time
domains. Furthermore, the major findings and motivation of this work are as follows:

In the existing literature, authors established the dynamics of a prey-predator-mutualist system without
impulsive effects, but we are considering the prey-predator-mutualist system with impulsive effects, which
shows that our proposed model is more realistic than other existing models.

In addition, there are no published results for the prey-predator-mutualist system in the nonuniform time
domain. Therefore in this article, we establish the hybrid prey-predator-mutualist system on nonuniform
time domains, which will unify discrete and continuous time domains into a single unified theory, allowing
us to avoid calculating the same results twice, once for discrete time domains and again for continuous time
domains.

Due to the complexity of the model, it is not easy to find the conditions that will ensure the permanence and
global attractivity of the proposed model.

In the end, we have given a numerical example with computer simulation on different-different timescales.

The rest of the manuscript is arranged as follows: in Section 2, we introduce some preliminary results; in
Section 3, we obtain the permanence of the considered system (1.4)-(1.9); in Sections 4 and 5, we analyze the
global attractivity and stability of considered system (1.4)—(1.9); in Section 6, we give some numerical examples
with computer simulation to show the feasibility of obtained theoretical results.
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2 Preliminaries
In this section, we define some basic definitions, lemmas, and useful assumptions.

Definition 2.1. [8] For s € T, the forward jump operator o : T — T, backward jump operator p : T — T, and
graininess function u : T — [0, ) are defined as follows:

1) o(s) =inf{ € T : §§ > s} and inf@ = supT;

(2) p(s)=sup{B €T : § < s} and supd = infT;

3) us)=a(s)- s, VseT.

If T has a left-scattered maximum s;, then TX = T - {s;}; otherwise, TX = T.
Definition 2.2. [8] If a function® : T — R and lets € TX. Then, we define the A-derivative of @ at the points, to
be a number (provided it exists) with property that for each € > 0, there exists nbd U of s such that
[[®(a(s)) - ®B)] - DA(s)[a(s) - R]| < ela(s) - B VB € U.
If T = Z, then ®4(s) = A®(s) = D(s + 1) — D(s).

If T =R, then ®4(s) = ®’(s).

Definition 2.3. [8] Suppose that a function g : T — R is called regressive (positive regressive) if 1 + u(s)q(s) # 0
(1 + u(s)q(s) > 0), Vs € T. The set of all regressive (positive regressive) functions is denoted by R (R*).
Definition 2.4. [20] A timescale T is called an almost periodic timescale if

N={wER:s+w€T, VseT}={0}

Lemma 2.1. [20] Let & : T — R be a continuously increasing function, ®(s) > 0, ®4(s) 2 0 for s € T. Then,

P4(s)
D(s)

P4(s)
&(s)

< [log(@(s)I <

If&(s) > 0 and ®4(s) < 0 for s € T, then

P4(s) PAS)
m < [log(‘p(s))]A < PI(s)’

Lemma 2.2. [20] Consider ® € PC[T,R] and

DA(s) < (2)p(s)D(s) + q(s), S#S, S E [Sp, )y,
D(sp) < (R)dk@(se) + by, s=s, KkKEN.

Then, for s = 59 2 0,

®(s) < (D)0(s0) [] diey(s,s0)+ 2 [ [T deeys, sk>]bk+j [T diey(s, a(s)q(s)ds,

So<Sk<S So<sk<s|So<sk<S 5o S<SK<S

where PC! = {® : [0, ©); — R, which is rd-continuous [8] except at si, k = 1,2,..., for which ®(s;), ®(sy), ®2(sr),
D4(sy) exists with ®(s;) = D(si), PA(s;) = D)}, and ey(-,S0) denotes the exponential function on timescale [8].

Lemma 2.3. [20] Suppose that ® € PCYT,R], v < [l <s,<sdk < ¢ for s 2 sp, -g € R™.
W If
PAs)sm - go(s), S*S S E [so, ),
O(s) < dp®(sy) + by, s=s, kEN,

then for s = s,
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m
D(s) < O(So)Pe-g)(S, So) + D Perg(S, SO + ?(p[l — g8, So).

S0<Sk<S
In addition, if m, g > 0, we have lim sup,_,,,®(s) < %.
@ If
PU)zm - go(s), S*S S E [so, o),
®(sp) 2 di®(sk) + by, s=s, KEN,
then for s = s,

m

v
D(s) = D(So)ve-g)(S, So) + D verg(S, SO + P [1- e-g(s, so)l.

S0<Sk<S
In addition, if m, g > 0, then lim inf;_..®(s) = ’"?
Lemma 2.4. [20] Suppose that -m € R*, ® € PCY[T,R], ®(s) > 0 fors € T, v < ﬂ30<sk<sdk <o forszs.
W If

DY) < @(s)(m - gO(s)), S* s, S E [so, ),
O(sg) < dg®(sk), S=8, KkKEN,

then for s = s,

m p—
g9(s0)

-1
d(s) < %[1 + [ lye(_m)(s, so)l .

In addition, if m, g > 0, we have lim sup,_, ,®(s) < %.
@i If
DUs) 2 @(s)(m — gO(s)), S*S S E [So, o),
(I)(S}:) >dd(s), S=8s, kEN,

then for s = s,

-1
D(s) 2 % 1+ [g@nzso) - 1’e(_m)(s, so)l .

In addition, if m, g > 0, then lim inf;_®(s) > %
Lemma 2.5. [20] Consider -m € R*, ® € PC![T,R], ®(s) >0 for s€T and v < |'|30<sk<sdk <@ for sz s,
[ = supseyu(s). If

DA(s) 2 B(s)(m - gD(s)), S#*S S E[S, ™),
(I)(S}:) >dd(s), S=s, kEN,

then for s = s,

my m
d(s) > —|1 + - 1le-m_
© g ‘ [g<1>(50) ]e( e

-1
)(Ss So)] .
Furthermore, if m, g > 0, then lim inf,_,..®(s) 2 %.
We introduce the following notations:

& = supd(s), & = inf P(s).
SET

SET
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Definition 3.1. [16] Our considered system (1.4)-(1.9) is permanent, if there are the positive constants

my, my, ms, My, M, and M such that

lim inf®4(s) = my,

§—00

lim inf®,(s) = my,

S—00

lim sup®4(s) < M,
S§—00
lim sup@,(s) < My,
§—00

lim inf®3(s) = ms,

§—00

lim sup®s(s) < M.
§—00

We take the following assumptions throughout the manuscript:

(HD)

(H2)

We assume {hy}, {hy}, and {h;} are the almost periodic sequence. Furthermore, 1 + hy > 0, 1 + hy > 0,
and1+ hy >0 forkeN.

The functions 0;(s)(i = 1, 2, 3, 4), br(s)(k = 1, 2), a(s), k(s), and d;(s) (j = 1, 2, 3, 4) all are bounded non-
negative almost periodic functions on T such that ©; > 0, b > 0,¢; > 0, k; > 0, and d; > 0.

ki'cjeM

(H3) 67 - b{>0,®5>0,[®1+ il bz‘]>0,[@{—

C1+eM3+s
di +dy

>0, [9; - 0y + e ]> 0.

& + djedre

(H4) We assume that P = (Py+ P/ + P"),Q=(P,+ P, + Py),and R = (P; + P; + P;') > 0, where

d, cpe™e™

dyc eMeM

P = ‘Zbl‘ e™ + dcie™ +

_ u(s)bicid e

(df + djede)?

u(s)by'dy ci'etMsMat My

(di + dje™)?

_ yz(s)(b{'eMl)Z

(dy + dye™)

d{c{'e(MZ*'M@

(dy + dyem™)

b fdz'cfe(m1+m2+m3)

bl

(i + dje)")?

did; (cj)etmm

#(S)bfdz'cl'e{’”“"”*m*,

i [ @5 + dzemf MO @7+ dgemy

(d5 Y (c)relmee2ms
)

M ar v ey

+ H(Sl (d1+ + d{eMZ)“

d, cqetmzrms}

d2+C1+€(M2+M3)
~ (df + dyem)?)

d;b; ¢ etMhMs}

by dy ¢ etMi+ M+ Ms}
AY

Py= [d{ cem™ +

(@ + e~ B+ dzem) T T+ dyemy
_ [mu(s)dicie™ ’ - 2u(s) d;id;(c;)?eiMe2Ms} . (s\dl‘dz‘(q—)Ze(m2+2m3)
(@ + dzem | ~ @ v dzem)t T YT (] + dge)s
_ (S) d2+(:1+e(Mz+M3) N (s) (dz‘)Z(Cl‘)Ze(Zmz+2m3) .
M+ dyey? "1 (@ + djem)E |
dFeh+Mp) d-de(mi+2my) (dy)e@m+2my) dFeh+Mp) 2
P=i- o= —myz T HS) o +M4+H(S)a +M4_;U(3)i1 — | [
(d5 + dge™) (d + dje™) (dg + dje™) ds + dse™
Y Zd?:emz 2d4‘e(m1+m2) dIe(Ml’sz) d3+€M2 2
S\ diee (@ dien | @+ dienf PO\ (a5 + demy

d;d;e+2m)

A ~pmy+2m
dsd em™*am

dje®M) Y

e M M

)

(d4—)2e(2ml+2m2)
(d3 + dje™)*
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__dikcleM  dikc] e(Mi+M) . U by d ki cye(mTms) . us) by d; ki c;e®marm)
(@ + dem?  (a + e (@ dgey Y (@ dgehy
- ) d; ki creMiM) )2 Cws) dikicre™ 20(s) d;'d; (k)*(c/)?e@hM)

(di + dye)? (di + dye™)? (dy + dyem)*
(dp)A(kp)*(cq )Pelmrame) + 1(s) did; (ky)*(cp)*e@mtm)
@ +dgem)t YT @ v dgemy
dy ky ¢y etmtm) by d; k¢, e+ My+My) . ) dydy (k)A(cy)2e@mr2ms)

ETTal  dgeny!

” —
Pl -

>

+ u(s)

” -

Y@ e T MO (g e

(d3) (ki) (cp)etmrams)
(d;f + d,eM)

d ki e
(dy + dye™)?

bl

+ u(s)

dikicieM  djkic/eMr*Mh) . dy ki ¢ elm+m)
(di +dye™)?  (df +dye™)*  (df + dje)

Py = [Zbgems - - u(s)(bsem)?

by d ki cye(Mrms) by d; ki cyeMi+2ma) by dykcfelmitmarms)
+ u(s) (d} + d;eM)? + u(s) (d} + djet)? ues) (d; + dyem™)?

Theorem 3.2. Let us suppose (H1)—(H3) hold true, then our model (1.4)-(1.9) are permanent.

Proof. From equation (1.4), we have

®N(s) < 0] = bye™®
<07 - bi[l+ @y(s)]
<[67 = byl = by®y(s).
Then, the above equation with impulsive condition can be written as follows:

®(s) <[0] = by]— bydy(s),

+ (B
D1(s) < D) + log(1 + hyo),
where ©] - by > 0 and -b; € R*. Now, by applying Lemma 2.3 in system (3.1), we obtain
0] - by
limsup®,(s) < % = M.
s— 1
Hence, for arbitrary € > 0,3 kg > 0, s.t.
@1(5) <M +¢e Vs>k,.
From equation (1.5), we have
2 . eq’Z(s)
D5(s) <0, - W
1+ @y(s)
+
< 82 - d3+ + dzeMﬁg
Dy(s)
.
=07 G gieme
Then, the above equation with impulsive condition can be written as follows:
Dy(s)
A A A—
PAS) =€ = G e (3.2)

Dy(s) < Pa(se) + log(L + hy),
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where - e € R* and ©; > 0. Now, by applying Lemma 2.3 in system (3.2), we obtain

1
ds +dj
limsup®,(s) < [d; + djeM*€]e;.

§—00
Letting € — 0, we obtain

limsup®,(s) < [d5 + dje]e; = M,.

§—00
Hence, for arbitrary small € > 0, 3k > 0, s.t.
Dy(s) <My +¢e Vs> k.

From equation (1.6), we have

A fcfevi
<O+ - bre®®
(I)S(s) 84 dl_ + dz_ bze
kiceMi+e
<0+ ————— - by — byd(s).
d; +d,

Then, the above equation with impulsive condition can be written as follows:
kicfeMh
d; +d,;
D3(sg) < D3(sx) + log(1 + y),

D4(s) <@ + = by = by ®s(s),

(3.3)

kicieM
di +dy

where |0} + - by |> 0 and -b, € R*. Now, by applying Lemma 2.3 in system (3.3), we obtain

) [(d; + d;)8; + kicjeM*e — by (d; + dy)]
limsup®;(s) < - —
PSS [d; + d;1b;

Letting € — 0, we obtain

d; +d;)e; + kicfeM - by(d] +dy
liISILS:pq)B(S) < [( 1 2) 4 [dl_l +1d2_]b2_ 2( 1 2)] — Mg.
Hence, for arbitrary small € > 0, 3k, > 0, s.t.

Dy(s)sMz+e Vt>k.
From equation (1.4), we obtain
ceMs*e
di +d;°

®{(s) 2 0] - be™® -

Put Ki(s) = e®(), obviously K(s) > 0, then the above inequality becomes

4 B . Cf'eMg*'S
[log(Ki(s))}® 2 ©1 — byKi(s) - A+ d
If K/(s) = 0, then from Lemma 2.1, we have
KAs) . cfeMste .
—>20] - —— - b{K
K[(S) ®1 dl_ + dz— bl 1(5)’
1+eM3+£
K{(s) 2 Ki(s)(67 - - bIK(s)|

d; +d,;
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Then, the above equation with impulsive condition can be written as follows:

cleMsre .
—— - b/K(s)|,
d; +d; 1 1(3)}

Ki(sg) 2 ka(si)(A + hy),

Ki(s) 2 M(S)[@I - 3.4)

+,Ma+e FoM3te
where |0] - ;1;22,] >0, b >0, and -|0] - fillizz, € R*. Then, by applying Lemma 2.5 in system (3.4), we
obtain
. [di + d;]08] = cieMse
liminf @4(s) = lo — (3.5)
pion 1( ) g [dl + dz ]bl
If Kf‘(s) < 0, then from Lemma 2.1, we have
Ki(s) _ _  cleMe
20;] - ———= - b{K(s),
K6 20T g RO
4 ~ C1+eM3+E .
Ki'(s) =z K{(s)|€7 - T rd by Ki(s)|.
1 2
Then, the above equation with impulsive condition can be written as follows:
4 g— o C1+eM3+8 _ .
Ki(s) 2 Kj (3){91 d+d; biKi(s)), 36)

Ki(sg) 2 ka(si)(A + hy),
cfeMsre
dy +d;

CfeMgﬂr
di +dy

07 -

]>0,bf>0,and—

where [6{ - l € R*. Then, by applying Lemma 2.4 in system (3.6), we

obtain

[di + d;]67 - cleMs

— p— 3.7
[di + d;]b,

liminf ®4(s) = log
S—00

Therefore, from above expression (3.5) and (3.7), € — 0, we can write

[di +d;]0] - cfeMs
- E—_—y =m.
[dy + d;]b;

liminf ®4(s) > log
§—0

Hence, for arbitrary small € > 0,3 k3 > 0, s.t.
D(s)z2m - € Vs> ks
From equation (1.5), we obtain

efI)z(S)

di(s) 2 0, - )
2(8) 2 d; +d;

Put Ky(s) = e®®, obviously Ky(s) > 0, then the above inequality

Ky(s)

A -

If Kf‘(s) > 0, then from Lemma 2.1, we obtain

K;\(s) > 05 - {(2(3)_’
Ky(s) d; +d,;

Ky(s)
ds +d,

@@zm@kr




DE GRUYTER Hybrid impulsive prey-predator-mutualist system

Then, the above equation with impulsive condition can be written as follows:
Ky(s)

d; +d; [

Ky(s) 2 Kp(si)( + hy),

@@zmﬂ%—

where 03, > 0, and -0; € R*. Then, by applying Lemma 2.5 in system (3.8), we obtain

liminf ®,(s) > log[®;(d; + d;)].

S—00

1
dy +dy

If KZA(s) < 0, then from Lemma (2.1), we obtain

KP(s) oo _Ka(s)
K{(s) *  dj+d;’

K
@@z@@@-%¥%.

Then, the above equation with impulsive condition can be written as follows:
Ky(s)
ds +d;

Ky(s¢) 2 Kp(si)(1 + hy),

]

@@z@@h—

where 05, ﬁ > 0, and -0; € R*. Then, by applying Lemma 2.4 in system (3.10), we obtain
liminf ®,(s) = log[®5(d; + d;)].

§—00
Therefore, from equations (3.9) and (3.11), we obtain

liminf ®y(s) = log[©;(d; + d;)] = my.
§—00

Hence, for arbitrary small € > 0, 3k, > 0, s.t.
Dy(s)2my - € Vs>ky
From equation (1.6), we obtain

kicem=¢

A _
D3(s) 2 0, - O3 + @+ Ao

- bz"'eq’?:(s).

Put K3(s) = e, obviously Kz(s) > 0, then the above inequality becomes

As o ot facie™* .
[log(Ks(s))]* = €y — €5 + a7+ djee by Ks(s).
If Kff(t) > 0, then from Lemma 2.1, we obtain
Kis) . kjcem= .
Ko(s) - 00T O gy apeme — DeKel®),
_ . kicjem¢ .
Kj(s) 2 Ky(s)| 0 ~ 05 + -~ b7 Ki(s) .

dj + djeMre
Then, the above equation with impulsive condition can be written as follows:

kicie™™¢

A - +
K3(s) 2 K3(5)|0; — 63 + a; + djete

= byKy(s)|,

Ks(s¢) 2 Ks(si)(1 + hy),

-_ 1"

(3.8

(3.9

(3.10)

(3.11)

(3.12)
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where |0; - 03 + %], by >0, and -|©; - ©F + % € R*. Then, by applying Lemma 2.5 in
system (3.12), we obtain
_ kycie™™¢
o 0, - 6;’ + dl"1+1i{eM2+€
liminf @s(s) = log - 3.13)
s b,
If Kf‘(s) < 0, then from Lemma 2.1, we obtain
KjGs) _ kyciem-¢
Ko(s) 2%~ 03 + @+ diere by Ks(s),
~ kic;e™™¢
K(s) 2K§’<s){®4 " O3t G g b;&@}.
Then, the above equation with impulsive condition can be written as follows:
_ kicem=¢
Ki(s) = K (S)[94 - 65+ @+ doe by Ks(S)}, (3.14)

K3(s¢) 2 Ks(s)(1 + hy),

_ kycpe™=¢ _ kiciem ¢ . .
where (0; - 03 + W], by >0, and -|®; - O3 + W € R*. Then, by applying Lemma 2.4 in

system (3.14), we obtain

_ kyciem™¢
. 0 = 03+ g5, g
liminf @5(s) = log " (3.15)
§—00 bz
Therefore, by equations (3.13) and (3.15), € — 0, we can write
_ kicie™
- Oy — O3+ 3 gom
liminf @3(s) = log < = ms.
§— 0 bz
Thus, from the above calculations, we obtain
lim inf®4(s) = my, lim sup®(s) < M,
§—00 S§—00
lim inf®y(s) = my, limsup®,(s) < M,, and
§—00 §—00
lim inf®3(s) = ms, lim sup®s(s) < Ms.
§—00 §—00
Hence, by Definition 3.1, our considered system (1.4)—(1.9) will be permanent. O

4 Global attractivity

Here, we will study about the global attractivity of considered model (1.4)-(1.9).
Suppose that the set T = {®, @), ®3 : my < &1 < My, my < @, < My, m3 < @3 < Mz} is the solution set of our
proposed system (1.4)-(1.9).

Lemma 4.1. [20] Suppose that (H1)-(H4) hold. Then, T # @.
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Definition 4.1. [22] System (1.4)-(1.9) is said to be globally attractive if any two positive solutions:
X(5) = (D1(s), P2(s), P3(s)) with @41(0) > 0, P2(0) > 0, and P3(0) >0 and Y(s) = (y;(5),,(5), 5(s)) with
,(0) > 0,y,(0) > 0,y,(0) > 0, of system (1.4)-(1.9) satisty

lim|®(s) - y(s)|=0, i=1,23.
§—

Theorem 4.2. Assume that the assumptions (H1)-(H4) hold true. Assume further that there exists a positive
constant k > 0 and -k € R*, where x = min{(P; + P{ + P{"), (P, + P, + Py'),(P3 + P; + Py)}. Then, the species
@y, ®,, and @5 are globally attractive.

Proof. From Theorem 3.2, we observe that considered model (1.4)-(1.9) has a bounded solution satisfying

my < @4(s) < My,
my < q)z(S) < M,,
ms < cDg(S) < M.

Hence, |[®1(s)| < A1, |Py(s)] € Ay, and |P3(s)| < A3, where Ay = max{my, My}, A; = max{my, My}, and A; =
max{ms, Mz} for all (®;, ®,, 3) € R3, and we define a norm on R3:
[[(D1(s), @2(s), P3(s))]| = sup|P1(s)| + sup|Pz(s)| + sup|D3(s)|.

SET SET SET

Suppose that X(s) = (®1(s), Py(s), P3(s)) and Y(s) = (y,(5),y,(5),y;(s)) be any two solutions of system
(1.4)-(1.9), then ||X]| < C and ||Y]] < C, where C = ZfﬁlAi. Now, we have the following:

Ds(s

Di(s) =04(s) = bi(s)e®® - #Z(j);@zm’
e®(s)

di(s) + dy(s)e®)
D1(sg) = Py(sx) + log(L + hy),
Dy(s) = Da(se) + log(1 + hy),
D3(s¢) = D3(sk) + log(1 + hy)

D(s) =O5(s) -

D4(s) =04(s) = Ox(s) + = Dby(5)e®),

and

V1 (8) =04(s) = by(s)en® - #ﬁif);ym’
eY2(s)

dy(s) + da(s)en®”

d(s) + dy(s)e”®

V(58 =y, (s) + log(1 + hy),

Y, (s) = y,(s6) + log(1 + hy),

Y3(80) = Y3 (si0) + log(1 + hy).

Y5(8) = 0y(s) -

¥5(s) =0u(s) = ©3(s) + — by(s)eds,

Now, we consider the Lyapunov function define by T x I x T as follows:

3
V(s,X,Y) = ) (- y)
i=1

The Dini derivative of V(s, X, Y) is given as follows:
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3 3
DV(s,X,Y) = D [AD(s) = y(5)) + u(s)@i(s) = R(SNADLS) = ()P = X Qi + u(SVAS)VA(S),
i=1 i=1
where v; = ®i(s) = y.(s),1 =1, 2, 3. Therefore, we can write
D'V(s,X,Y) = Vi(s) + Va(s) + Va(s),
where V3, V3, and V3 are given as follows:
Vi(s) = vy + u(svENVI(s),  Tals) = vy + u(s)v'(s)vs'(s),  VA(S) = (2vs + u(s)vs(s))vs'(s).

Now,

vi'(s) = ®(s) - Y/ (s)

a(s)e®® a(s)ers®

= - Oy(s) - N2 (s)

01(s) — by(s)e™C e + (5)e" 01(s) + bi(s)en® + 4Gs) - dy(s)en®
Ds3(s) (s)

B[O — N0 - (s)e® L als)er®

di(s) + dy(s)e®S)  dy(s) + dy(s)er2)
di(5)ai(s)e®Bvs(s) + dy(s)a(s)[er2OePsOys(s) — esOe®iidy,(s)]

= = by(s)e®nO)yy(s) - [di(s) + do(5)e® O] [dy(s) + dy(s)e”2O)]

The A-derivative of vy(s) is given as follows:

vi(s) = ®3(s) = y;'(s)
e‘bz(s) eyz(s)
&® + e O 4 e
2229 e (®)
- +
ds(s) + du(s)e®®  dy(s) = dy(s)en®
~ dg(s)eq)liZ(S)VZ(s) + d4(s)[e)’1(S)e<1>1iz(s)vz(s) - eyz(s)efblil(s)vl(s)]
) [dB(S) + d4(s)e®1(s)][d3(s) + d4(8)ey1(s)]

=0(s) -

The A-derivative of v3(s) is given as follows:

vii(s) = @4(s) = y{(s)
ki(s)ci(s)e®®
di(s) + dy(s)e®s

ka(s)a(s)en®
di(s) = dy(s)er®
ki(s)a(s)e®® ki(s)a(s)en®
di(s) + dy(8)e®)  dy(s) + dy(s)e*®
di(s)ka(s)a(s)e®1vy(s) + dy(s)ku(s)a(s)[e?2Pe®ilSy (s) = e PePildlyy(s)]
[di(s) + dy(5)e®X®][dy(s) + dy(s)e)2)] '

=-03(s) +

= by(5)e®S) + B4(s) - + Dy(s)ers®

= —bz(s)e‘p3(3) + bz(s)e)’3(3) +

= =Dby(s)e® s y(s) +

From the above equations, we obtain

di(5)ci(5)e®13®s(s) + dy(s)a(s)[e)2ePiis®yy(s) — es(SePilSyy(s)]

vi(s) = =bi(s)e®i®yy(s) -

[di(s) + dy(5)e®O][dy(s) + dy(s)er2®] ,
A( ) =- ds(5)e®®y,(s) + d4(s)[ey1(s)eqnliz(s)VZ(s) - eyz(s)ed>1i1(s)vl(s)]
vy (s) = [ds(s) + dy(s)e®O][ds(s) + du(s)en®)] )
' di($)ki(s)a(s)e®11®(s) + dy(s)ki(s)a(s)[e:De®nyy(s) = eX1PePiiSyy(s)]
4 =- 1i3(S)
V5(s) =—by(s)e®3®yy(s) + [di(s) + dy(s)e®[dy(s) + dy(s)er2O)] ,

vi(Sg) = va(Se),
Va(Sg) = Va(Sk),
va(sy) = V3(Sk).

Hence,
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Vi(s) = ui(s) + u(s)vi()vi(s)
dycieme™s d;c,eMseM:
(df + djeM)?  (df + dye™)?

S)bcidfeM™Ms ()b dycetit MMt (S)brd, cp elmitmatms}
+ U(S)D1 6 a4 U(S)D1 ay

< ‘— 2b;e™ - dicje™ - + p%(s)(b; eMh)?

+ - x p2
(di + dzem)? (di + dyem)? (5 + dje}")? Y
dz+cl+e(Mz+M3) - W) b{d{c{e(’"“m#ms) ) H(s) dl—dz—(cl—)ze(m2+2m3)
(dl_ + dz-emz)z tu ) (d1+ + dZ*'eMZ)Z (d1+ + dz-i-eMZ)4
_ ‘u(s) (dz-)Z(cl-)Ze(Zmz+2m3) d2+(;1+e(Mz+M3) 5 vz
(d1+ + d{eM2)4 (dl_ + (12_@’"2)2 2
o dz‘cl‘e{mz+m3} d1+bl+cl+e{Ml+M3} bfd{cfe{Ml*MZ*Mﬁ
-d ms _
' ‘ G (e e T EO e+ e MO 4 v ey
u(s)d;c;eMs 2 20 did; (c;)retMer2Ms - us) did; (cy)2e(me+2ms)
(d; + dgem) ~ T+ dgem)t K™ @r + agemm)s
+oto(Mo+Ms) d2(c)2e@ma+2ms)
e L
(di + dye;") (di" + dje™)

S—P1V12 - PzVZZ - P3V32.
In addition,

Va(s) = (2vy + u(s)v5(s)v5(s)
_ —dse®rizy, dseYie®izy, de¥e®iny,
= ‘2‘72(3) + 11(5)[ (@ + dge® Y (ds + dge®n)? + (ds + dae®)?
9 —dgeq)liz\}z B d4€ylecpliZV2 + d4€yzecp1i1V1
(ds + dse®n)? (ds + dse®n)?  (ds + dge®h)?
dFe(M+My) dode(mi+amy) d)2e@mit2my)
A7 - H(S)g+47+4 - #(S)(ﬁ)—+4
(dy + dge™) (dy + dje™) (dg + dje)

e Y

(d5 + dyem™)?

VU@ die? T (45 + dje™)

-2d;e™ 2d jelm+m)
+ [[1(8) 2 [ 3 4

dfeM+My) 2

+ + () d;eMz
(d; + dgemy (s + djem)?

did e+
O+ ey

2

d;d,em*am d eMn+M)

(d4—)ze(2ml+2mz)
M) ay+ diemiy *H (s)[(dg + djem).

T ey "

Therefore,
Vo(s) < -P{vi - PjvZ - Pjvi.

Now,

15
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V5(s) = (2vs(s) + u(s)va(s))v4(s)
di()ki(s)ai(s)e®riy(s)
(di(s) + dy(s)e®12)?

, Bk(s)a(s)e ety (s)  dy(s)ki(s)a(s)e Ve vy(s)
(di(s) + dy(s)e®2)? (di(s) + dy(s)e®)?

= [ZV3(S) + u(S)[-bz(S)e“’li3(S>V3(S) +

di(s)ki(s)a($)e™(s) - d(s)ki(s)als)ex e 1 vy(s)
(di(s) + dy(s)e®12)? (di(s) + dy(s)e®1i()2
dy($)ki(s)ai(s)er1©ePy,(s)
(di(s) + dy(s)e®1i)2

x [—bz(S)e‘I’l"3(s>Vs(s) +

d;kicfeth N d; ki c;feMi+M) b; dk{cetm+ms)

= - us) St/
(@ + dyem? (a7 + dgem)r (@ dfehiy

2 2

b, d, ki c;e@m+m) d,) ki c;teMitM) d;'kic;eM
‘#(3)2211 261G +y(s)[(111

d1+d2+(k1+)2((,‘1+)2e(2M1+Mz) _ (s) (dZ‘)Z(kl—)Z(cl—)Ze(Zm1+2m2)
(df + dzem™)* “ (df + djeM:)
did; (Y cp)Pemem)
(df + d;eM)* Vi

+ 2u(s)

= u(s)

ke 2
—dy k¢ e(mi+tmy) b2+d2+kl+cl+e(M1+M2+M3) d2+k1+C1+e(Ml+M2)

@ + deiy MO g v gremy T (s)l (&5 + d;em).

didy (K)X(c)emrams)

(dpP )Xy Pe@msm]
- )
o) (df + djeM)* Hs) (df + djeM)? XV
+ l—oprems + dfkafeMl d;kfcfe(MﬁMz) _ dz_kl_(;l_e(ml’fmz)
H € (dl_ + dz_emZ)Z (dl_ + dz_emz)z (d1+ + dz+eMZ)2
by d; ki cye(mrms) b, d; Kk cye(m+2my)

+,M; )2 _ -
+ u(s)(bie™ ) = u(s) @+ o~ HO
by d; k¢ etmarmarms)
(df + dzem™)*

73,2 7,2 _ 7,2
S_Pl V1 - 2V2 P3V3.

(d + djeM)

x 2

+ u(s)

Therefore,
D*V(s,X,Y) < ~(P1+ P + P{)v} = (Pp+ Py + P{)v} — (Ps+ P} + P{)v} < —KV(s, X, Y).
For s = s, k €N, we have
V(sg, X(5¢), Y(50)) = (@1(5¢) = 3 (SO + (a(s) = Y (sg))* + (Da(sp) = ya(s5))?
= [@4(s) + log(1 + hy) = y(s) = log(1 + h)J*
+ [@a(si) + log(1 + h) = y,(s) — log(l + k)P
+ [@3(s) + log(L + b)) = yy(sk) = log(1 + R
< V(sk, X(Sk), Y(Sk))-
Thus, form the above calculation, D*V (s, X, Y) can be written as follows:
D'V(s,X,Y) < -kV(s, X, Y).
Now, the solution of above inequality is

V(s,X,Y) < V(sp, X, Y)e (=50,



DE GRUYTER Hybrid impulsive prey-predator-mutualist system == 17

Therefore, V(s,X,Y) - 0 as s = o, ie.,
3
D@ - y)*—>0 ass-—
i=1

Furthermore, we can say that

lim/®; - y|=0, =123
§—00

Thus, the proof is completed. O

5 Almost periodic solutions

Theorem 5.1. Suppose that (H1)-(H4) hold with k > 0 and -x € R". Then, system (1.4)-(1.9) has a solution that
is unique and uniformly asymptotically stable.

Proof. From permanence results, we observe that (1.4)-(1.9) has a bounded solution satisfying
m < (Dl(S) < M,
my < @y(s) < My,
mg < q)g(S) < Ms.

Hence) |CD1(S)| = Al) |®2(S)| < AZ) and |¢)3(s)| s A3y where Al = max{ml) Ml}a AZ = maX{mZJ MZ}) A3 = max{mf}a M3}
for all (@4, ®,, ®3) € R", we define a norm on R?

[[(@1(5), D2(8), @3(s))|| = sup|P1(s)| + sup|Dy(s)| + sup|Ps(s)l.

SET seT seT

Suppose that X(s) = (94(s), D2(s), D3(s)), and Y(s) = (y,(5),y,(s), y3(s)) be any two solutions of system
(1.4)-(1.9), then ||X]| < C and ||Y]|| < C, where C = ZleA,-. Now, we consider the Lyapunov function defined
by T xT xTis

3

Vs, X,Y) = ) (@ - )
i=1

which satisfy the properties (1), (2) of ([20], Lemma(4.1)). Again, for property (3) of ([20], Lemma (4.1)), we
obtain
V*(s¢, X(50), Y(8) = (@1(s0) = Y1(5)* + (@2(80) = ¥, (50))* + (Ds(s) = y3(50))°
= [@1(s) + log(1 = Pp) = yy(s) — log(1 - PP
+ [@y(s6) + log(1 = P1) = yy(s0) — log(1 - PP
+ [@3(s) + log(1 = P1) = yy(s) = log(1 - PP
< V*(Sk, X (S, Y(S))-
Hence, property (3) also satisfied. In addition, from Theorem 4.2, we have
D*V*(s,X,Y) < —-kV*(s, X, Y),
where « = min{(P, + P + P"), (P, + P, + P;'),(P3 + P; + P{)}. For, k > 0, we obtain property (4) of ([20],
Lemma 4.1) also holds. Hence, all the properties of ([20], Lemma 4.1) are satisfied. Thus, by ([20], Lemma

4.1), there exists a unique almost periodic solution of considered system (1.4)-(1.9), which is uniformly asymp-
totically stable. This completes the proof. O
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6 Example

Here, we will discuss some numerical examples with computer simulation.

Example 6.1. We are considering T = R, i.e,, ¢ = 0. Also, the impulsive points s; = 15 and s; = 30 and choose
the following parameters:

01 =23 + 0.001cos(57s); O, =19 + 0.1sin(5715); O3 = 0.003; ©4 = 2.3 + 0.01cos(57s);
by =15 + 0.001cos(57s); by = 2.3 + 0.01cos(57s); ¢ = 0.5 + 0.01sin(57s);

d; =13 + 0.001sin(57s); dy = 1.1 + 0.01sin(57s); ds = 0.9; d4 = 0.005;

kg =282+ 01sin(5ms); h = 1/exp(6), h{ =1/exp(3.5), h{=1/exp(5.4);

h, =-0.003, h; =-0.04, hy = -0.007.

We can easily see that

0} = 23010, ©; = 22990, © = 2, ©; = 1.8000, O} = 0.0030, ©; = 0.0030, O} = 2.3100,

0 = 22900, b; = 15010, by = 14990, b; = 2.3100, b; = 2.2900, ¢; = 0.5100, ¢; = 0.4900,
dy =1.3010, dy = 1.2990, d; = 11100, d; = 1.090, d; = 0.9000, d; = 0.9000, k' = 2.9200,
d; =0.0050, d; = 0.0050, Kk = 2.7200.

Thus, the system (1.4)-(1.9) becomes

0.342

0.338

0.336

0.334

0.332

0.328 0.4
0

Time (b) Time

0 2 4 6 8 10 12 14 16
(c) Time

Figure 1: Global attractivity of species ®;, ®;, 3 with time domain T = R. (a) Prey (®,) with initial conditions (0.335, 0.33, 0.34),
(b) mutualist (@,) with initial conditions (0.5, 0.4, 0.6), and (c) predator (®3) with initial conditions (0.23, 0.27, 0.2).
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®4(s) =23+ 0.001cos(5ms) — (L5 + 0.001cos(57s))e®:(s)
(0.5 + 0.01sin(57s))e®ss)

- b i b e 0’ 3
(13 + 0.001sin(575)) + (11 + 0.01sinGms))(s)e®®° S = S S €10k

4 ) 208
D5(s) =19 + 0.1sin(57s) - 0.9 % 0.0056%®)
(2.82 + 0.1sin(575))(0.5 + 0.01sin(5s))e® ) 6.1)
(1.3 + 0.001sin(57ts)) + (1.1 + 0.01sin(5ms))e®xs)
- (2.3 + 0.01cos(5ms))e®®), s s, sE [0, )R,
Dy(sg) = @o(sk) + log(1 + hy), s=s, k=12
Do) = Dose) + log(L + hy), s=s, k=12
Dy(sp) = D3(sp) + logl + hy), s=s, k=12

S # S, S € [0, o),

®4(s) =23 + 0.01cos(57s) - 0.003 +

After doing some simple calculation, we obtain
my = 0.2649, m, = 0.4749, mg = 0.0793, M; = 0.5350, M, = 1.8171, M3 = 0.4735, P = 1.7316, Q = 2.3220, and
R = 3.4916.
Therefore, k = min{P, Q, R} = 1.7316 > 0. Hence, all the assumptions of Theorems 4.2 and 5.1 hold true.
Thus, our considered model is globally attractive. Furthermore,
lim inf®,(s) > 0.2649, lim sup®(s) < 0.5350,
s

S— 00

lim inf®,(s) = 0.4749, lim sup®,(s) < 1.8171,

§—00 §—00

lim inf®3(s) = 0.0793, lim sup®5(s) < 0.4735.
§—00

S— 00

0.341 ; ‘ ; 0.62
0.34} 06F
0.58
0.339
0.56
0.338
= «~ 0.54
L= o
0.337
0.52
0.336
05F
0.335 0,48
0.334 . . : : 0.46
0 10 20 30 40 50 0 10 20 30 40 50
(a) Time (b) Time
0.25
0.245 |
0.24
o 0.235
o
0.23}
0.225
0.22 ‘ )
0 10 20 30 40 50
(C) Time

Figure 2: Impulsive effects at s; = 15 and s, = 30 with T =R and initial conditions (®,(0) = 0.335, ®,(0) = 0.5, and ®3(0) = 0.23).
(a) hy(15) = 1/(exp(6)) and hy(30) = —0.003; (b) h{(15) = 1/(exp)(3.5) and h,(30) = —0.04; and (c) hy'(15) = 1/(exp(5.4))
and hy'(30) = -0.007.
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Therefore, our system is permanent.

Example 6.2. We are considering T = Z, i.e.,, ¢ =1 and impulsive point s; = 23. Also, consider the following:
0, =0.5 + 0.001cos(1/5s); B, = 0.23 + 0.001sin(1/5s); O3 = 0.2 + 0.001 cos(1/5s);
b, =0.2 + 0.001cos(1/5s); b, = 1.0 + 0.001cos(1/5s); ¢ = 0.006 + 0.001sin(1/5s);
dy =7.9 + 0.1sin(1/5s); d, = 0.01 + 0.01sin(1/5s); ds = 5.5 + 0.001 cos(1/5s);
0, =14 + 0.01cos(1/5s); ds = 0.01 + 0.001 cos(1/5s);
kg =6.1+ 0.001sin(1/5s); hy = 1/ exp(7), h{ = -0.583, h{" = -0.516.

We can easily see that
07 =0.5010, ©;7 = 0.4990, ©; = 0.2300, ©; = 0.2290, O3 = 0.2010, O3 = 0.1990, ©; = 1.4100,
0, =1.3900, b;" = 0.2010, b; = 0.1990, b, = 1.0010, b, = 0.9990, ¢;" = 0.0060, c¢; = 0.0050,

dy =7.9998, d; = 7.8000, d; = 0.0190, d; = 0.000002, d; = 55010, d; = 5.4990, k; = 6.1010,
d; =0.0110, d; = 0.0090, k; = 6.0990.

Thus, the system (1.4)—(1.9) becomes

0.925 0.045
0.924
0.04%
0.915 *\* /‘ *\ / 1
7 K
0914 | 0.035
- o
0005 / 1 = %
: / 0.031
oot T
0.025
0.895 [/
0.89 : 0.02
0 5 10 15 20 25 25
(a) Time (b)
0.205
0.24
0.195 /F ot . *\‘
/ \ | [\
" [ [ [ /
o [ | [
0.19- [ | \
[ |
[t \ 7
| \ ¥ \ /
0.185 \ / x 4
\ / \
\/ \ \ / \
¥ ¥ ¥ *
0.18 - -
0 5 10 15 20 25
(c) Time

Figure 3: Global attractivity of species ®;, ®,, and @5 with T = Z. (a) Prey (®,) with initial data (0.91, 0.92, 0.89), (b) mutualist (®;) with
initial conditions (0.04, 0.02, 0.03), and (c) predator (®3) with initial conditions (0.18, 0.20, 0.19).
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0 10 20 30 40 50 0 10 20 30 40 50
(a) Time (b) Time
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| * 3 k N \ i T |
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Figure 4: Impulsive effects at s; = 23 with timescale T = Z and initial data (®,(0) = 0.91, ®,(0) = 0.04, and ®3(0) = 0.18).
(@) hi(23) = 1/(exp(7)), (b) h'(23) = -0.583, and (c) hy’(23) = —0.516.

®4(s) =0.5+ 0.001cos(1/5s) = (0.2 + 0.001 cos(1/5s))e®:)

_ (0.006 + 0.001sin(1/5s))e®s(® ses, s€0,w)
(7.9 + 0.1sin(1/5s)) + (0.01 + 0.015sin(1/5s))e®s)’ b e

e@z(s)
(55 + 0.001cos(1/5s)) + (0.01 + 0.001 cos(1/5))e™®’

®4(s) =0.23 + 0.001sin(1/5s) - S # sy,

s € [0, )z,
®4(s) =14 + 0.01cos(1/5s) — (0.2 + 0.001cos(1/55)) = (1.0 + 0.001cos(1/5s))e®ss)
(6.1 + 0.001sin(1/55))(0.006 + 0.001sin(1/5s))e®s)
(7.9 + 0.1sin(1/5s)) + (0.01 + 0.01sin(1/5s))e®2s) ’
@1(s5) = D1(se) + log(1 + 1/ exp(7)), s = sy,
@y(s7) = Do(si) + log(1 - 0.582), s =8y,
@s(sy) = Dy(se) + log(l - 0.51), s =s5.

(6.2)

* 8, S [0: OO)Z’

After doing some simple calculation, we obtain

my = 0.9065, my = 0.2289, ms = 0.1800, M; = 1.5176, M, = 1.2823, M; = 0.4364, P = 0.1687, Q = 0.0135, and
R =0.0238.

Thus, k = min{P, Q, R} = 0.0135 > 0. Hence, all the conditions of Theorems 4.2 and 5.1 hold true. Thus, our
system is globally attractive. In addition,
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Figure 5: Phase diagram of species @3, ®,, and @5 with time domain T = R and Z. (a) ®1(0) = 0.335, ®,(0) = 0.5, and ®3(0) = 0.23 and
@4(0) = 0.95, ®,(0) = 0.01, and @3(0) = 0.19.

(b)

Time

(b)

Figure 6: Phase diagram of species ®; and @5 with time domain T = Z and R. (a) ®,(0) = 0.335 and ®3(0) = 0.23 and (b) ®1(0) = 0.95
and ®3(0) = 0.19.

lim inf®4(s) > 0.9065, lim sup®,(s) < 1.5176,
§—00

S§— 00

lim inf®,(s) > 0.2289, lim sup®,(s) < 1.2823,

§—00 s

lim infd3(s) = 0.1800, lim sup®s(s) < 0.4364.
S—00

§—

Therefore, our system is permanent.

Remark 6.1. In Figures 1 and 2, we choose T = R and analyze the following results:

()]

@)

From Figure 1, we can observe the feasibility of global attractivity of the considered system (6.1). In Figure
1(a)-(c), we have taken the different-different initial conditions and observed that the trajectory of prey,
mutualist, and predator concerning corresponding initial conditions follow the same trend after some
saturation points. From these figures, we can conclude that the considered system (6.1) is globally attrac-
tive. Furthermore, Figures 5(a) and 6(b) show the phase diagram when T = R.

Figure 2 shows the feasibility of impulsive effects. In Figure 2(a)-(c), we can see that, when we change the
input of impulsive function from some saturation value, the corresponding values of species also change,
respectively.

Remark 6.2. In Figures 3 and 4, we choose T = Z and analyze the following results:

()

From Figure 3, we can observe the feasibility of global attractivity of the considered system (6.2). In Figure
3(a)—(c), we have taken the different-different initial conditions and observed that the trajectory of prey,
mutualist, and predator concerning corresponding initial conditions follow the same trend after some
saturation points. From these figures, we can conclude that the considered system (6.2) is globally attrac-
tive. In addition, Figures 5(b) and 6(a) show the phase diagram when T = Z.
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(2) Figure 4 shows the feasibility of impulsive effects. In Figure 4(a)—(c), we can see that when we change the
input of impulsive function from some saturation value, the corresponding values of species also increase
or decrease, respectively.

7 Conclusion

This manuscript presents a hybrid impulsive prey-predator-mutualist model on nonuniform time domains.
The primary goal of this study is to establish the necessary conditions to guarantee the considered system’s
long-term survival and global attractivity. Furthermore, we have discussed the stability of system (1.4)—(1.9).
Moreover, numerical examples and computer simulations further demonstrate the viability of theoretical
solutions. In this work, our main focus is to study the dynamics of prey-predator-mutualist model with
impulsive effects on timescales. But in future, we can extend these results in prey-predator system with Allee
effect on timescales, prey-predator system with feedback control strategy and diffusive effects on time-
scales, etc.
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