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Abstract: In the paper, autonomous and nonautonomous predator-prey models with nonlinear
harvesting and Beddington-DeAngelis functional response were proposed. The mathematical goal was
to explore the evolution process of specific bifurcation dynamics, the existence, and attractiveness of
positive periodic solutions. The ecological objective was to ascertain the population growth coexistence
modes and their underlying driving mechanisms from a specific perspective of dynamic evolution.
Regarding the autonomous predator-prey model, mathematical theoretical work has investigated the
existence and local stability of all equilibrium points, as well as the occurrence of specific bifurcation
dynamics. Regarding the nonautonomous predator-prey model, the boundedness of all solutions, the
possibility and global attractiveness of a positive periodic solution were theoretically derived in detail.
The numerical simulation work not only verified the feasibility of the theoretical derivation work,
but also dynamically showed that the autonomous model had transcritical bifurcation, saddle-node
bifurcation, Hopf bifurcation, and Bogdanov-Takens bifurcation, while the nonautonomous model had
attractive periodic solutions. It was worth emphasizing that predator and prey had steady state constant
growth coexistence mode and steady state periodic oscillation growth coexistence mode. It must also
be pointed out that their intrinsic driving mechanisms were mainly the specific bifurcation dynamics
evolution mechanism in autonomous model and seasonal disturbance of key ecological environment
parameters in the nonautonomous model. In summary, it was expected that these research results would
contribute to the rapid development of nonlinear dynamics in predator-prey models.

Keywords: predator-prey model; nonlinear harvesting; periodic solution; Bifurcation;
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1. Introduction

The first predator-prey model was proposed by mathematicians Lotka [1] and Volterra [2], which
can explain the interaction mechanism between prey and predator. This predator-prey model has been
widely used by numerous biologists and mathematicians to investigate the complex dynamic
behaviors of ecological models. Moreover, as population growth functions and interaction functional
responses are two critical factors in predator-prey models, the Leslie-Gower model [3, 4] introduced
improvements to the Lotka-Volterra predator-prey model, with its general form being:

(1.1)

dy

dx _ X
G =rx(l — %) —y®(x,y),
==,

where x and y represent the densities of prey and predator, respectively; ®(x, y) denotes the interaction
functional response; r and s are the per capita intrinsic growth rate of prey and predator; K is the
carrying capacity for the prey; and /i evaluates the conversion of prey food quality into predator
birth rates.

In natural environments, most predators feed on multiple prey species rather than a single one,
enabling them to persist in ecosystems even if a specific prey species is missing. Thus, predator
growth can also be represented by the Beverton—Holt function. Erbach [5] studied the system
dynamics of generalist predators with S-shaped functional responses, dynamic prey populations, and
fixed alternative food sources, revealing that the system can exhibit up to six steady states, bistability,
limit cycle oscillations, and multiple global bifurcation behaviors. Mandal [6] and Mondal [7]
respectively investigated the dynamical behavioral changes of the system under the dual influences of
prey refuge behavior and predator alternative food sources, as well as hunting cooperation and
predator alternative food sources.

As is well known, many ecological environmental factors can affect the nonlinear dynamic
evolution process of predator-prey ecological models, such as activation function, Allee effect, delay,
risk effect, harvesting, fear, habitat selection, and diffusion et al. Cai [8] studied a Leslie-Gower
predator-prey model with additive Allee effect in prey, finding that it can increase ecological
extinction risk. Sen [9] showed that a generalized predator-prey model with Allee effect could exhibit
stronger structural stability and simpler dynamics as the Allee parameter value increased, compared to
models without Allee effects. Jia [10] considered a predator-prey with weak Allee effect to explore
the canard cycle and relaxation oscillation. Shang [11] established a predator-prey model with double
Allee effect and nonlinear harvesting to investigate multiple bifurcation, such as transcritical
bifurcation, saddle-node bifurcation, and Bogdanov-Takens bifurcation. Wang [12, 13] constructed a
predator-prey model incorporating fear costs in prey reproduction, verifying that higher prey birth
rates or predator death rates can reduce prey sensitivity to predation risk, while increasing predator
attack rates can enhance anti-predatory behaviors. Chen [14] found that escalating fear intensity can
trigger dynamic transitions, leading to prey extinction (predators persist via alternative prey), with
initial densities determining coexisting steady states or periodic oscillations. The papers [15, 16] have
explored risk effects on predator-prey dynamics. The papers [17, 18] have studied the influence of the
Beddington-DeAngelis functional response on predator-prey models and analyzed the changes in
dynamical behaviors of the predator-prey system. The papers [19-21] mainly investigated stability
and bifurcation of the predator-prey model with Michaelis-Menten type harvesting. Hu [22] found
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delay-dependent Hopf curves, which can induce the coexistence of two limit cycles with different
frequencies. Zhang [23] proposed a predator-prey model with density-dependent diffusion to study
the existence, stability, and local bifurcation of the semi-trivial steady-state solution. Ding [24]
formulated a phytoplankton-zooplankton model with time delay in the herd-taxis effect diffusion to
research Turing-Hopf bifurcation. Mondal [25] revealed that increasing predator harvesting rates
could induce up to four interior equilibrium points via saddle-node bifurcation, including catastrophic
transitions that could destabilize the system. Tian [26, 27] introduced habitat selection and refuge
effect respectively to propose the new prey-predator model, where they found that habitat selection
can affect species locations and suitable living environments, and different dynamic behaviors can be
obtained in the system with discontinuous refuge. Yan [28] constructed a fishery prey-predator model
with fear effect to investigate hybrid effect of cooperative hunting and inner fear. Ch-Chaoui [29, 30]
built a prey-predator model with prey Allee effect and predator-induced fear, and they provided novel
insights into the interplay between fear dynamics, Allee effect, and ecological stability. Mokni [31]
proposed a new single and multi-species evolutionary competition model to require a more advanced
mathematical theory to handle effectively. Zhu [32-36] proposed several types of neural network
models to explore Turing instability, Turing bifurcation, and Turing patterns. He [37] studied the
influence of saturated fear effects on species dynamics based on the Lotka-Volterra competition
model. In summary, the aforementioned scholars have made numerous outstanding achievements in
ecological mathematical models.

Seasonal factors could play a crucial role in predator-prey models, which shaped ecological
dynamics by altering resource availability, habitat quality, and predation pressure [38]. Many
studies [39—41] have explored the seasonal impacts of fear by constructing nonautonomous ecological
models, deriving sufficient conditions for the existence of at least one positive periodic solution in
seasonally driven systems. Based on the assumption that predator populations follow the
Beverton—Holt equation, Tang [42] investigated impulsive harvesting strategies in seasonal
environments, focusing on the dual dimensions of economic effects and resource sustainability.
Feng [43] and Liu [44] studied seasonal predator-prey models with Michaelis-Menten type
harvesting, and analyzed the impact of seasonal disturbances on the dynamic behavior. Roy [33]
analyzed the effects of seasonal disturbances in the birth rate of bait and the degree of hunting
cooperation on dynamic behavior.

In this paper, we considered the following assumptions.

Al. In the absence of predator population, the prey population can grow at a constant growth rate
r. Due to the limited resources required for survival and reproduction, there is competition among the
prey species. m; is the mortality rate of the prey x due to other causes. Besides, ~x? can be regarded
as the part that leads to the reduction of the population size due to environmental carrying capacity,
where K indicates the environmental capacity of prey population.

A2. Predators are generalists. If their favorite prey is unavailable, they can switch among different
prey species. To simulate the growth of predators obtaining sustenance from other food resources when
their preferred food resources are lacking, we adopted the Beverton-Holt functional form %, where
a and S represent the per-capita reproduction rate and the density-dependent intensity of predators,
respectively. The natural mortality rate of carnivores is m;.

A3. Prey species can expend more energy on behaviors to defend against predators, which leads

to an increase in the cost of fear and a reduction in the reproduction rate. Therefore, we take the fear
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factor into account as ﬁ, where m represents the level of fear.

A4. The speed at which predators capture prey is simulated by the Beddington-DeAngelis
functional response model - chjiby, which includes individuals of the predator species competing for
the same prey. Here, A, a, and b represent the maximum predation rate, the saturation constant, and
the mutual interference among predators, respectively. Additionally, afi?l;y represents the influence of
the Beddington-DeAngelis functional response on the increase in the number of predators through the
process of feeding on prey, where o represents the coefficient that converts the amount of prey
captured into the birth rate of predators.

AS. We consider the Michaelis-Menten type harvesting of the prey population, which is given by
%. Here, g, is the coefficient of harvesting ability, e, is the harvest amount of the prey population,
and ¢y, ¢, 1s a positive constant.

Table 1. Biological meaning of parameters describing model (1.2).

Parameters Descriptions Ranges
r Intrinsic growth rate of prey populatuon O, 1)
K The environmental capacity of prey population [0, 10]
m The level of fear [0,1)
A The maximum predation rate [0,1)
a The saturation constant [0,5)
b The mutual interference among predators [0,1)
q1 The coefficient of harvesting ability [0,1)
el The harvest amount of prey population [0, 1)
C Positive constant [0,2)
CH Positive constant [0,2)
ny Prey mortality from other causes [0,1)
0 Conversion efficiency of prey biomass into predator biomass [0, 1)
a The per-capita reproduction rate [0, 1)
B The density-dependent intensity of predators [0,1)
my Natural mortality rate of predator population [0,1)

Based on the above assumptions, we can construct a new predator-prey model, and it can be
represented as follows:

de _ xXd-%) by _qex .

dt = 1+my a+x+by crej+cax nmx .= Fl (X, y)’ (1 2)
dy _ _ddxy + ay —-m = F ()C ) .
ar T arxtby T T4y 2y = Ialx ).

This paper is divided into several parts. In the next section, we will explore an autonomous
predator-prey model. Specifically, in Section 2.1, we prove that the solutions are bounded. In
Sections 2.2 and 2.3, the existence and stability of the equilibrium points are discussed. In
Section 2.4, various bifurcation forms of the model (1.2) are studied, including transcritical
bifurcation, saddle-node bifurcation, Hopf bifurcation and codimension-2 Bogdanov-Takens
bifurcation. In Section 3, we will study the nonautonomous predator-prey model and consider
time-varying parameters. Among them, in Section 3.1, it is proved that the solutions are bounded. In
Sections 3.2 and 3.3, the existence of positive periodic solutions is proved and they are shown to be
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globally attractive. In Section 4, in order to better verify the correctness of theoretical derivations and
demonstrate these dynamic characteristics, numerical simulation experiments of the model (1.2) and
model (3.1) are presented. Finally, a brief conclusion is given in the last section.

2. The autonomous model

2.1. Positity and boundedness of the solutions

Lemma 2.1. (The standard comparison lemma) [39] Considering the scalar differential equation

= f(t7 I/l), I/l(t()) = Uop,

where f(¢, u) is continuous in ¢ and locally Lipschitz in u, for all t > O and all u € J C R. Let [#y, T)
(T could be infinity) be the maximal interval of existence of the solution u(¢), and suppose u(t) € J for
all t € [ty, T). Let v(¢) be a continuous function whose upper righthand derivative D v(r) satisfies the
differential inequality

D™v(r) < f(t,v(1),  v(to) < uo,
with v(¢) € J for all t € [ty, T). Then, v(¥) < u(r) for all r € [1y, T).

Theorem 2.1. The solutions of the model (1.2) are always positive with the initial conditions
(x(0), ¥(0)) € @ = {(x,y) € Rx > 0,y > 0}.
Proof. Clearly, the solutions of the model (1.2) can be written in the following form:

— ¢ r1-52) () qgie
#e) = x(O)exp {fo @ o ®  aarex@ M| 9]

L eAxE) . 2.1)
yn =y (O)exl’{ 0 |ax@rby® ~ THp@ ’"2] dgy .

So according to the initial condition(x(0), y(0)) € Q = {(x, y) € R*x >0,y > 0}, all solutions of the
model (1.2) must be positive. O

Theorem 2.2. The model (1.2) is uniformly ultimately bounded in R?.
Proof. From the equation of the model (1.2), we can get the following inequalities

f‘i—f <rx(1=2) —mx = x(r —my — £x), (2.2)

and according to Lemma 2.1, we discuss the case of r — m;.
If r—m; <0, then X < 0, so it is clear that lim x(#) = 0. Then, when ¢ is sufficiently large, we

—o0
can have

dy _  ay _ )

therefore, the following two situations may occur.
(1) If «a —my <0, then y < 0, and we have lim y(f) = 0, which implies that (0,0) is globally
1—o00
asymptotically stable.

(i) If « — my > 0, then we have limy(r) = =2
[—0o0

p? which implies that (0, %) is globally

asymptotically stable.
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If r —m; > 0, by applying the Lemma 2.1, the inequality (2.2) signifies that lim supx(t) < X, where
t—o0
X are positive real roots of equation
r—m—£x=0. (2.3)

Also, according to lim supx(tf) < X and the equation of the model (1.2), we can get
1—00

) (2.4)

In the same way, by using Lemma 2.1, the inequality (2.4) signifies that lim supy(t) < y, where J are
t—o00

positive real roots of equation

oL 4 §—my=0. (2.5)
Solving the Eqgs (2.3) and (2.5), we obtain X = fr=mpK m‘)K and y = 1 ‘W + “) Hence, x and y are positive

ifr—m; >0.

Moreover, these findings regarding the boundary equilibrium point ought to be taken into account
in Subsection 2.2. In any case, when r — m; < 0, the solution of the model (1.2) is likewise uniformly
ultimately bounded. O

Theorem 2.3. If r — m; > 0, the model (1.2) is permanent.

Proof. According to Theorem 2.2, we know that when r — m; < 0, prey populations tend to become
extinct or disappear over a long period of time. So we discuss the persistence of the model (1.2) in the
case of r —m; > 0.

From the equation of the model (1.2) and hm supx(t) < X, hm supy(t) < 9, and we can get the

following inequalities

b a1 - £)rke — 29 - 24—y, (2.6)

1+my c
By applying the Lemma 2.1, the inequality (2.6) signifies that lim infx(z) > X, where X are positive
t—00
real roots of equation

ra(l = ) s = A9 = L2 —my & = 0. (2.7)

1+my

Also, according to lim infx(f) > X and the equation of the model (1.2), we can get
t—o00

> My s, (2.8)

dt = a+x+by

In the same way, by using Lemma 2.1, the inequality (2.8) signifies that lim infy(f) > y, where y are
[—0o0

positive real roots of equation

A%y o
aw?hy -myp = 0. (2.9)
.. (/ly+q] L 1my 2)(1+m$) y S(a+i+bd o .
Solve the Egs (2.7) and (2.9), we obtain X = s ll) and y = W_ Hence X and y are
K
positive, which guarantees that the model (1.2) is permanent when r — m; > 0. O

2.2. Existence of equilibria

In this paper, we analyze the zero growth isoclines F(x,y) = 0 and F,(x,y) = O to discuss the
existence of the ecological meaning equilibrium point of the model (1.2). The model (1.2) has the
following four balance points.
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(1) Population-free equilibrium point E, = (0, 0), which always exists.
(2) Prey-free equilibrium point E; = (0, y;), where y; is the positive root of the following equation:

—m2y+m—0

if @ —m, > 0, the equation has a positive root, which can be given by y; = 3 m% -1).
(3) Predator-free equilibrium point E,; = (x;,0) (i = 1,2, 3,4), where x,; is the positive root of the
following equation:
x> +a;x+ay=0,

rcieg

where a, = —%,al =rey — =+ —myca, a0 = ey(rep — g — mycy).

The above equation has either no or one or two positive root(s), which can be discussed in the
following:

(i) Ifa; <0andag <O0i.e., <rcy < g +myc; or af —4aay < 0, then the above equation
has no positive roots. Thus, the model (1.2) does not have any predator-free equilibrium point.

(i) If a; > 0 and ag 2 0 (i.e., g1 + micy < rey < Y22E) or gy > 0 and a} - 4azag = 0, then the

—a)+ \/u1—4a2uo

above equation has one positive root x,;, which is given by x;; = — Thus, the model (1.2)
has a unique predator-free equilibrium point E,;.

(iii) If @, = 0 and a9 > O (i.e., r = my and rc; > gy + mycy) or a; < 0 and a9 > O (i.e., rc; >
maxiq, + mcy, %}) then the above equation has one positive root x,,, which is given by x;, =

\/a —4aray
——L—— Thus,

Zaz

(r—-mp)c K
€l

the model (1.2) has a unique predator-free equilibrium point E,;.

(r—ml)czK}
el

(iv) If a; > 0, ap < 0 and a? — 4axay > 0 (i.e. re; < min {q1 + mycy, and a? — 4aray > 0),

—a)— \/a%—4a2ao
T m and

then the above equation has two positive roots x,3 and x,4, which is given by x,3 =

—a+ \/a%—4a2a0

X4 = —p—- Thus, the model (1.2) has two predator-free equilibrium points E,3 and Ey;.
(4) The internal equilibrium point is E* = (x*, y*), which is the intersection of nontrivial zero growth
. . % b * 1 s _ b *
isoclines F;(x,y) = 0 and F»(x,y) = 0. From F,(x,y) = 0, we can get x* = mg&”‘afﬁy)f)fnf; (LZ;‘:;; ),
Earlier we used y* for x*. To simplify calculations, we let

01(y) = 6A(1 + By) —my(1 + By) + @ = cy1y + ci2,

0>(y) = my(a + by)(1 + By) — ala + by) = dy1y* + dipy + di3,

where ¢1; = (04 —my)B, c1p = 01 —my + @, dyy = bfm,, di, = b(my — ) + afm,, di3 = a(m, — @), then
the equation can be simplified as x* = gzg ;
From F(x,y) = 0, we can get

Alx® + Ax? + A3x2y + Ayx + Asxy + A6xy2 + A7y + Agy2 +Ag =0,

where

Al =-rcy, Ay =r(Kcy—ac, —cie)) —mKcy, Az = cr(—br—mmK),

Ay =r(Kac, + Kcie; —aciey) — Kqiey — miK(ac, + crey),

As = r(Kbc, — bcrey) — KAcy — Kgieym — mi K [bey, + m(acy + crey)],  Ag = Km(=Acy; — mycyb),
A7 = Kciey [rb — A —m(am + b)] — Kqie(am + b), Ag=—-Km(Aciey + mibcie; + bg,ey),

Ag = Kacye((r —my) — Kagqey,
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therefore, y* is the positive root of the following equation:
fO) = BsY° + Bsy’ + Byy* + B3y’ + Byy’ + Biy + By = 0,

where

B¢ = Aldfl + A3C“d%1 + A6C%1d11,

Bs = 3A1d%1d12 + A2C11d%1 + 2A3c11d1dy + A3C12d%l + ASC%ldll + A(,C%ldlz + 2A¢c11C12d11 + C?lAg,

B, = 3A1d121d13 + 3A1d11d122 + 2A5c11d1dyn +A2C12d%1 + 2As3c11d1di3 + A3C11d122 + 2As3c10d1dn
+A4C%1d11 + ASCidlZ + 2Ascic12dy + A6C%1d13 + 2Agci1C12d10 + A6C%2d11 + C?IA7 + 3A30?1C12,

Bs = 6d1d12di3A) + d3, A, + 2Axcn1dndys + Asenids, + 2Axci0didy + 2A5c11d12dis + 2A5¢10d01ds
+A3C12d%2 + A4C%1d12 + 2A4c11012d11 + A5C%ld13 + 2As5c11¢12d12 + A5C%2d11 + 2A¢c11C12d13
+A6C%2d12 + 3A7C%1C12 + 3A8C11C%2 + A9C?1,

B, = 3A1d11d%3 + 3A1d%2d13 + 2A5c11d12d 3 + 2A5¢10d11d 3 + Azclzdfz + AgC“d%3 + 2A3c12d12d3
+A4C%1d13 + 2A4c11¢12d12 + A4C%2d11 + 2Ascq11¢12d13 + A5C%2d12 + A6C%2d13 + 3A7C“C%2 + C’;’ZAg
+3A9C%1C12,

B, = 3d12d123A1 + A2C11d123 + 2A2C12d12d13 + A3C12d%3 + 2A4C11C12d13 + A4C%2d12 + A5C%2d13
+C?2A7 + 3A9C11C%2,

By = A]d?:,’ + A2C12d%3 + A4C%Zd13 + Agc?z.

The root of deterministic equation is quite complex. Therefore, we find all the internal equilibrium
points of the model (1.2) numerically. To do this, we draw the nontrivial prey and predator isoclines
(Fi(x,y) = 0 and Fi(x,y) = 0) and the image of f(y). From Figure 1(a) and 2(a), it is apparent that
for @ = 0.25, there is no internal equilibrium point. When @ = 0.2227608967, the model (1.2) has a
positive internal equilibrium point E,. From Figurel(b), and in Figure 2(b), y, is a dual positive root.
In Figure 1(c), we can observe that the model (1.2) has two internal equilibrium points E7 = (x],y}),
ES = (x3,y3), with y <y, when @ = 0.21, moreover, y| and y; are all single positive roots in
Figure 2(c). Further, while @ = 0.18, the model (1.2) has a unique internal equilibrium point E in
Figure 1(d), where y} is a single positive root in Figure 2(d).

Table 2. Parameter values.

r K m A a b q1 e cT, ¢ m 0 B my
08 10 02 05 2 02 02 025 03 01 02 015 03 0.2

2.3. Stability of equilibria

In this section, we explore the stability of the equilibria.The Jacobian matrix of the model (1.2) is:

Ju Jn
J(X, )’) = ’
Jo Jn
where ) 5
_ r0=%)  la+by)  qeger — X m__ _ _Axa+y)
Jiu = Ty~ (atxtby?  (@erren? D Ji = —rx(l = )(1+my)2 (a+x+by)>?
Jo = by oy ddxary) L @
207 Grxrbyy?? Y227 (arxtby)? 2T (2
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(a) @ =0.25 (b) @ =0.2227608967

(c) =021 (d) @=0.18

Figure 1. A description of the intersection of the prey and predator zero growth isoslashes
with different values of @. The reaming parameters remain the same as the values specified in
Table 2. (a) @ = 0.25, there is no intersection; (b) @ = 0.2227608967, there is an intersection;
(c) @ = 0.21, there are two intersections; (d) @ = 0.18, there is an intersection.

2.3.1. Stability at the origin

Theorem 2.4. The stability at the origin E((0, 0) is discussed as follows:
(D If(r — L —m)(a —my) <0, then Ej is a saddle.

c
Q) If (r — Z—: —my)(a —my) > 0, then E, is a node. When r — Z—: —m; <0and a < my, E,is a stable
node; when r — ‘Z—l‘ —m; > 0and a > m,, E, is an unstable node.

(3) If @« — my = 0, then Ej is a saddle-node.

Proof. The Jacobian matrix of Ej is:

q
JEo:(r_j_ml O )

Apparently Jg, has two eigenvalues, u; = r — Z—: —my and yu, = @ — my. Hence, if u; > 0and u, < 0

or u; < 0and u, > 0, ie., (r — Z—l‘ —my)(@ — my) < 0, then E is a saddle; if u; > 0 and u, > 0, i.e.,
‘C’—]' —my; > 0and a — m, > 0, then E, is an unstable node; if u; < 0 and u, <0, i.e., r — ’C’—: -m; <0

and @ — m, < 0, then Ej is a stable node.

r —

If @ —m, = 0, then Jg, will only have a zero eigenvalue, u; = r— Z—: —my # 0and u, = 0. Meanwhile,
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[ 05 1 15 2 25 0 05 1 15
y y

(a) @ =0.25 (b) @ = 0.2227608967

“o 05 1 15 o o1 02 03 04 05 06 07 08 09 1
y y

) a=021 d) @=0.18

Figure 2. A description of the value of f(y) with different values of @. The reaming
parameters remain the same as the values specified in Table 2. (a) @ = 0.25, there is no
positive root; (b) @ = 0.2227608967, there is a dual positive root; (¢c) @ = 0.21, there are two
single positive roots; (d) @ = 0.18, there is a single positive root.

we expand the model (1.2) near the origin to the third order, then the model (1.2) becomes

. 62
X=0=2—m)X+@m-DXY + (% + 42X ~ L2XC + (2 + 5HXY
1 (’lel a

+(rm* + B)XY? + Pi(X,Y), 10
Y = 2XY - aBY? + af?X?Y + UXY? + LY + 0)(X.Y),

where Pi(X, Y) and Q,(X, Y) are C* functions at least of order fourth in (X, Y).

Introducing a new variable 7 through 7 = (r — % — my), we have
a >
o rm—7y _ r qi1c2 2 _ q1€; 3 rm 1 >
X=X+ r—Z—i—szY +( K(r—%—mz) + c‘%el(r—%—mz))X c‘?e?(r—%—mz) (K(r—%—mz) + az(r—%—mz))x Y
rm’ Ab 2
+(r_%1_m2 + o e )XY + Py(X,Y),

82 2 ) Y| 2 b
7 XY — qclyﬁ_ Y +%X Y+ mXY +my3+Q2(X,Y),
q 1

my) r—r—my r—-——ny

o 1 c|

(2.11)
where P>(X,Y) and Q,(X,Y) are C* functions at least of order fourth in (X,Y). Therefore, the
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coefficient of ¥? in the second equation of the model (2.11) is —— gﬂ_ — # 0, then E| is a saddle-node
Cl 2

in Theorem 7.1 of Chapter 2 of the paper [46]. O

2.3.2. Stability of boundary equilibrium point

Theorem 2.5. The stability of boundary equilibrium point E(0, y;) is discussed as follows:
(D) If (—2— — 2 _ 94 _ )@ — my) > 0, then E| is a saddle.

1+my, a+by; cl
_r__ @ _ ; _r__ @
(2) If(l+my1 vl my)(a — my) < 0, then E; is a node. When Ty~ atbyr "o M > 0 and
. 2 .
m, > a, E; is an unstable node; when 1+;1y1 - ﬁ - i’—l‘ —m; < 0and my, < a, E; is a stable node.
(3) If @« — my = 0, then E is a saddle-node.
Proof. The Jacobian matrix of £ is:
ro_ @ _
Jr = 1+my a+by, cl m O
E, — 0Ay1 _@(a_m )
a+by 2
: _ _r A q1 _ _m :
Apparently Jg, has two eigenvalues, u; = ; T " aby "o M and u, = —-2(a@ — my). Hence, if
. P! .
ur>0and u, <Ooru; <0andu, > 0,ie., (1+;1y1 - ﬁ — Z—ll —m)(a —m,) > 0, then E| is a saddle;
: ; r_ o a ; -3
if yy >0and u, > 0, i.e., Toomr ~ arbr "o T~ > 0 and m, > a, then E| is an unstable node; if u; <0
; ro_ W @ ;
and u, <0, 1.e., Ty~ arbr o~ M < 0 and m, < a, then E; is a stable node.
: . 2
If @« — my = 0, then Jg, will only have a zero eigenvalue, yu; = —— — =L — 2 —;; and up, = 0. We

1+my, a+by, cl

shift E; to the origin by (X, Y) = (x,y — y1), and expand the model (1.2) up to the third order using the
Taylor series, obtaining

{X =rX +r XY + 1’20X2 + I”30X3 + 7’21X2Y+ 7'12)(Y2 + P3(X’ Y)’

: 2 2 3 2 2 3 (2.12)
Y= l’l]()X + ]’ZMXY + hypX” + ]’lozY + hgoX + ]’l21X Y + h12XY + ]’ZQ3Y + Q3(X, Y),
where
_ _r_ M oa _ __rm__ _ _la — r A1 qic2
o = my1+1 by +a cr mp, = (my+1)? (by+a)?’ 20 = K(my+1) (by) +a)? + ejci?’
Fag = — et Foy = rm —Ay1b-a) Fio = rm? Aab
07 T oyva? T e VT Ky 1?2 T i)’ 0 12T i+ T yia)®?
Ny = 201 — _0da N = — (! - __9 N = SAy1
10 by +a’ 11 (by1+a)2 ’ 20 (by1+a)2 ’ 02 (,By1+l)3 ’ 30 (by1+a)3 )
hor = ap’ hoy = _ 8A(=byi+a) Wy, = ——5dba
037 Gyt 2 byi+ay > 12T T yira)
and P3(X, Y) and Q5(X, Y) are C* functions at least of order fourth in (X, Y).
By the simplistic transformation
xy (1 0 \(X
y] 1 —}% Y/)’
the model (2.12) can be written as
. 2 3 2 2
X = ajpX + anxy + dxx” + azx” + axx7y + apxy” + Py(x,y), 2.13)
. 2 2 3 2 2 3 :
Y = baox” + brixy + booy” + b3ox” + byox"y + biaxy” + bpzy” + Qu(x, y),
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where
_ _ hiori1 _ horii+rioro _ h%0r12+h10710r21+r120730 _ h1o(Qhioriz+riort)
aio =T, du =77, do =T e, 430 = 2 ) L
10 "o

Qi = riah?, b = _hozhfo—rl1hf0+h10h11rlo—h10r10r20+h20rf0 bii = 2hoahio—hiorii+hiir1o bo = hioho

12 — r% s 20 — Fohto > 11 = o 5 - o’
ban = _h03h?0—h?0r|2+h%0h12r10—r21h%0r10+hz|h|0rf0—r30h]0r%0+h30r?0

30 — ’. th ’

10

b _ 3h()3h —2h20r12+2h|0h12r10 h10r|0r21+l12|r b _ hi10(Bhozhio—hioria+hiario) b _ ]1()3/1%0

20 — 72 12 — — 2 ’ 03 — 72>

"o 10 10

and P4(x,y) and Q4(x,y) are C* functions at least of order fourth in (x, y).
We import a new variable 7 to the model (2.13) by 7 = a,ot. For formal simplicity, we still use 7
instead of 7. We have the standard form

ai as aso
X=X+ —xy+ —x + 905344 xy+—xy + Ps(x, y),
ayg ao ayo aio aro
2.14)
by by, by b3 bao biz bos -
y=—xX+—xy+—y +—x + =¥y +—xy" + —y + Os5(x,y),
aio (7300 ao ao apo aio aio

where P4(x,y) and Q4(x,y) are C* functions at least of order fourth in (x,y). Hence, we find that the
coefficient of y* is Z% for the second equation of the model (2.14), i.e., rio # 0, h1o # 0, and hyp, # O,
then E is a saddle-node from Theorem 7.1 in Chapter 2 in the paper [46]. O

Theorem 2.6. The stability of boundary equilibrium point E,4(x4, 0) is discussed as follows:

_ 2x04 _ le 1 _ 0Axp4 .
(D) If (r(1 — =) —(c1e1+cm4)2 1)(a+x2 —my + @) < 0, then E,, is a saddle.
2
2x04 qiejci OAx24 . 2x24
(2) If (r(l - ) — m - 1)(a+x24 my + a') > 0, then E»,; is a node. When r(l - T) -
2 2
qi1€1C1 _ OAxay . _ 2x04 _ qieici _
Tarony M > 0and -2 oy 2> 0, E»4 is an unstable node; when r(1-=2) Terony M < 0
and ﬁ—z“ —my +a <0, Eyy is a stable node.
3 If jfrff“ +a—-my =01.e., 21’;2 = my — a, then E»4 is a saddle-node.
Proof. The Jacobian matrix of E,, is:
2
_Zxay @G _ _ X
Jg,, = [I’(l ) (crerteomy T ;::sz“(l K
o044
0 e Tt a
. 2x04 q1 e%cl 0Axp4
Apparently Jg,, has two eigenvalues, p; = r(1-=2)— ooy M and u, = presslal R t2 Hence,
2
. . 2x24 qi1e1¢i 0Axp
ifu; >0and pp <Oorpu; <0andu, >0,ie., (r(1 —=2) - rEPE— —ml)(m —my +a) > 0, then
. . . 2x04 q1€1C1 O0Ax4
E>4 1s a saddle; lf,ul >0 and,u2 >0, 1.e., l"(l — T) — m —m; > 0and e —my +a > 0, then
2
. .3 . _2x4N_ 916G _ 0dxps
E>4is an gnstable node; if uy < Oand pu, <0, i.e., r(1—=2) Tarony ~M < 0 and T T ta < 0,
then E,4 is a stable node.
2
A _ _ ; ; - _ 2y _ 1G9
= m, — «, then Jg,, will only have a zero eigenvalue, u; = r(1 =) Coreon? ~ M and

a+xo4

> = 0. We shift Eyy to the origin by (X, Y) = (x — x24,y), and expand the model (1.2) up to the third
order using the Taylor series, obtaining
X =i10X + i1 Y + in XY + ioX? + i30X° + i X°Y + inXY? + Po(X, Y),

. . . w2 ) 5 (2.15)
Y = juXY + ju XY + jiu XY + Qs(X, Y),
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where
. 2x 416201 . X; . —mr(K-2x:
ho=r(l —32) - 0 —my, gy = —mrag(1 = ), iy = 2
. r 3%‘11“"2 . efqlclc% . rm —Aa . rm2(K=2x24) bA(a—x34)
0 = "% (cre1+caxa)’? 130 = " (crer+caxaa)®? 1 =% + (a+x24)3° h2 = K (a+x24)% °
- dda . dda _ 0Ab(a—x24)
Ju = (atx2)2° J21 = _(a+x24)3’ Ji2 = _Wa

and Pg(X, Y) and Q¢(X, Y) are C* functions at least of order fourth in (X, ¥).

By the simplistic transformation .
x|\ (1 i?—é X
yl \0o 1/\y)’

X = 10X + 11Xy + X + tg) + 30X + 1 X0y + 1 Xy + to3y” + P7(x,Y),

the model (2.15) can be written as

. ) ) ) 3 (2.16)
Y =PuXy+ poy + poxy+ puxy” + peay’ + Q1(x,y),
where
.. 2 . ) 2 .
o — 5 2ipiyn Loy J11 _ ixn i s Doly; gy Jll _ i
fio="tbo, mm=n—=~+5— ho=j, loo=—"lnln+—77- 5= Bo= 2
. . ) 2 . P
_ _ 3ixin i i01j21 _ 3i0iy 2i1ip1 : 2ig, 21 i01J12
r=—=— it 55 == -5 - ==+ 55,
h 1 10 a . 10, 10
_ _ boly Lilgy _ - - /21 g J12 _ Ju _ __Jiloi _ Ja
o3 = Z) i,  hi2lor t+ 2 The 0 PTGy P2 = TS, Pa= s
_ _2piion 12 _ Py jnin
pi2 = —=5 o> P03 = )

and P;(x,y) and Q;(x,y) are C* functions at least of order fourth in (x, y).
We import a new variable 7 to the model (2.16) by 7 = #,o¢. For formal simplicity, we still use ¢
instead of 7. We have the standard form

t t 1 t t t 1
X=x+ i)cy + 2x2 + Eyz + 2)63 + ﬂxzy + ﬁxyz + Ey3 + Pg(x,y),
o o o o ho ho o
. Pn Po2 o P20 > P12 o Po3 3
y=T—xy+ —y + ——xy+ —xy + —y + Os(x, ),
o Ho o Ho Ho

2.17)

where Pg(x,y) and Qg(x,y) are C* functions at least of order fourth in (x,y). Hence, we find that the
coefficient of y? is fl—"oz for the second equation of the model (2.17), i.e., ijp # 0, ip; # 0 and j;; # 0,
then E», is a saddle-node from Theorem 7.1 in Chapter 2 in the paper [46]. O

2.3.3. Stability of the internal equilibra

Theorem 2.7. If C, = —(J;, + J3,) > 0 and C, = J;,J5, — J;,J5, > 0, then the internal equilibrium
point E™ (if it exists) is stable.
Proof. The Jacobian matrix of E* is:

o= (1 ).

* *
J21 J22
where
_ VU-%) Ay*(a+by*) ’119%01 _ * x* m Ax(a+x")
Jll T l+my* (a+x*+by*)?  (cre;+cax*)? mp, J12 =-rx’(l K)(1+my*)2 (a+x*+by*)??
Jt = oAy(a+by*) J: = dAx"(at+x*) + 1]
21 7 (atxt+by)?> Y22 T (atxt+by)? 2T 4By
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The characteristic equation of the matrix Jg- can be written as:
§2+le+62:0,

with C, = —(J}, +J3,), Co = J;,J3,— T}, J5,. According to Routh-Hurwitz criteria, if C; > 0 and C; > 0,
the characteristic equation of the matrix Jg- has negative real parts. Thus, the internal equilibrium point
E™ is stable (if present). O

2.4. Bifurcation analysis

In order to explore the dynamic behaviors that the model can exhibit and analyze population growth
coexistence modes, we studied the occurrence of transcritical bifurcation, saddle-node bifurcation,
and Hopf bifurcation of parameter a. Moreover, we will probe the conditions for codimension two
bifurcations in this section, such as Bogdanov-Takens bifurcation.

2.4.1. Transcritical bifurcation

Theorem 2.8. If 24420, = (Do af})v,, the model (1.2) undergoes a transcritical bifurcation at

(a+x24)? (a+x24)?
the equilibrium point E,4(xp4,0) when @ = a7¢c = - %
Proof. If @ = ag¢c = my — jﬁ% the Jacobian matrix at E,4 can be written in the following form:
2
2x24 q1€1C1
JE24 = [r(l B T) " (crer+exa? i —mrx24(l - 7
0

Then, we test whether the corresponding conditions for transcritical bifurcation are true by
Sotomayor’s theorem. Suppose the eigenvectors of matrices Jg,, and J1,, for zero eigenvalue are V
and W, respectively.

With simple calculations, we know that the eigenvectors V and W respectively meet the
following conditions:

2 qié’c
- I"(l - %) - m —ml]vl + [—I’I’lI’XQ4(1 - ? ]Vz = O,
wiy _ 0
11%) B 1)
Further, by a simple calculation, we have
0 0
Fo(Eoy; are) = (L) = (O) ;
By ) (Exssarc)
0 0\(w 0
DF (E>s;arc)V = = ,
o(E24; a@rc) (O 1) (VQ) (Vz)
8*F, O’F,
V1 + 2 V]Vz + ==V
D*F(Ess;arc)(V.V) = (;”F 2"*‘” #r, ]
a2 V1V + o ayvl\/z + WVQV (Extrc)
2r que cie2 2x04 X4
= [_f + (cle1+c2xz4)3] it 2 [mr( N 1) (a+x24)2] Viva + [2m rx24(1 - ) +2
SA(a+2b) b
2(u+X24) Vivy + [ 2(u+X24)2 Zal’g] &

Electronic Research Archive Volume 33, Issue 10, 6096-6140.

Abxoy
(a+x24)?

2
[



6110

Therefore, we verify the following conditions:

W Fo(Ess;are) = (0 1) (8) =0,

W [DF o(Ex; arc)V1 = (0 1)(0) =12 #0,
V2

W [ D2 FolExss are)(V. V)| = 20 | G525 — (25 — appva| # 0.

(a+x24) (a+x24)?

0Ax24
a+x4

Hence, if @ = a7¢c = myp — , the model (1.2) will experience a transcritical bifurcation at Ey,. O

2.4.2. Saddle-node bifurcation

Saddle-node bifurcation is the convergence of two equilibrium points with different stability
characteristics and no longer exist, resulting in a local bifurcation of a saddle-node at the point where
they collide. Since there is no explicit expression for the components of the internal equilibrium point,
the occurrence of saddle-node bifurcation can only be expressed numerically. For the parameter
values in Table 2, we observe that the model (1.2) has a saddle-node bifurcation at threshold
asy = 0.2227608967, around the coincident equilibriun point
E, = (x;,y4) = (1.601447995, 1.0727568325).

Then, we check whether the corresponding condition for saddle-node bifurcation holds true by
Sotomayor’s theorem again. First, if @ = agy, the Jacobian matrix of E, can be written in the
following form:

JE+ =

0.0983189543 —-0.3439189244
0.01223578181 —0.0428006681) "

Obviously, one of the eigenvalues of the matrix Jg, is zero. Suppose the eigenvector of the zero
eigenvalue of the matrix Jg, and J; are V and W, then

v=(") = 0.123497203413162 v L —-0.961482282990020
v,)  \0.274866912334495)° wy] | 0.992344920251587 |°

Therefore, we have

0 0
F (Ei;agy) = (L)(E o - (0.8115712506)’

1+By
DR an(V. V) = Phvivy + 220 vy + 2oy B (—0.005807048836)
wasy)(V, %vm +2%§;va + 6;_522\,2‘,2 _— —-0.003953245102)°

Finally, we have
WTF,(E,;asy) = 0.8053586080 # 0,

w’ [DzF(,(E+; asy)(V, V)] = 0.001660391876 # 0.

Hence, the model (1.2) experiences a saddle-node bifurcation when the parameter a satisfies the
condition @ = agy.
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2.4.3. Hopf bifurcation

Through numerical analysis, we know that E7 is always a saddle whenever it exists, and the internal
equilibrium point E7 is locally asymptotically stable under certain conditions. Therefore, EJ are
potential susceptibility to Hopf bifurcation. We specify a as the variable that may cause Hopf
bifurcation, which is derived from the condition that the trace is equal to zero. When a changes and
exceeds the threshold ay, the stability of E7 is disrupted. Subsequently, we will provide a rigorous
piece of evidence to support this conclusion.

Theorem 2.9. If C,(ay) = 0 and Cy(ay) > 0, in the vicinity of the internal equilibrium point E7, the
model (1.2) undergoes a Hopf bifurcation at the critical values @, a@ = ay.
Proof. According to Theorem 2.7, we get the characteristic equation of the matrix Jg;:

§2+élf+62:0.

Next, we have obtained that Tr(Jg;) = Ci(ay) = 0 and Det(Jg;) = Cy(ay) > 0 when a = ay.
Therefore, we only need to check the correctness of the cross-sectional condition of the Hopf

bifurcation. That is,
dRe($)

do ly=ay

+0,

and the solution of the characteristic equation can be written as

_ G . V4C,-C, _ G 4C,-Cy
‘fl - 77 +1 2 s 62 - 2 l 2
ol 4C,-C . .. . .
Letu = —%, V= %, and the solution of the characteristic equation can be written as

Ei=u+iv, & =u-—iv.

Substitute the above roots into the equation to separate the real part and the imaginary part, and we
can obtain,
W=V +Cu+C,=0,
2uv + Cv = 0.

From the Hopf bifurcation theorem, we know that ¢ is the eigenvalue of a pure imaginary number.
So, u(ay) = 0 and v(ay) # 0, and the equations can be written as

- VZ(Q'H) + Coay) = 0,
Ci(an)v(ay) = 0.

Thus, we can get C,(ay) = 0 and C»(ay) = v*(ay). On differentiating the equation with respect to
a and putting @ = ay, we get

d dé
_Zv(aH)d_(‘;lcFaH + d(:|(1/=a[~] = 0’
d d¢
ZV(Q'H)d_ZLy:aH +v(ag) dal lo=ay = 0.
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Compute dlfff) lo=e,, from the above equations, and we get
e
dRe(&) B du B da a=ay 1 40
da lomay  d@lozay, 2 2(1+By)?

Therefore, the transversal condition holds. Thus, the model (1.2) exhibits a Hopf bifurcation around
the equilibrium point E at @ = ay.

It is necessary to determine the orientation and stability of the limit cycle, and then we will calculate
the Lyapunov number.

Convert E7 to the origin by transforming p = x — xJ, ¢ = y — 5, therefore, the model (1.2) in the
origin region is shown below

P =ep + enq + enpq + exp + eng’ + exp’ + e p’q + enpgt + eisq’ + Pio(p, q),

. (2.18)
g = fiop + forq + fupg + fop® + fod® + fop’ + f10°q + fupd® + fusq + Q1o(p. q),
where
10 = r(K-2x3) _ Ay (a+by3) _ qle%cl —my eor = _rx;(K—x;)m _ Axs(a+x3)
K(’")’E‘H) (by;+a+x;)2 (czx;+clel)2 ’ K(my;+1)2 (by;+a+x3)2 ’
e = — rm(K—=2x3) _ ad(by;+a+x;)+24x3y,b oo = — r Ay;(a+by;) e%qlclcz
1 K(my;+1)§ (by;+a+)c”2‘)3 ’ 20 (my’2‘+1)K (by;+a+x§)3 (C[é[ +czx;)3 ’
ey = rx;(K—x;)m Ax;b(a+x3) o = — Ay3(a+by3) _ e%qlclcg
02 K(my§+l)3 (by§+a+x;)3 ’ 30 (by;+a+x§)4 (c;e; +62x;)4
o0 = m A[-03y2+2bx5ys +ata+xs) | _r(k=2x3)m? b byy(a+2xy)+aP-x32]
2= K(my"+l)2 (by§+a+x;)4 ’ B 1((my§+1)3 (by;+a+x;)4 ’
€03 = _erEK—xE)r:ﬁ _ Ax;bz(a+x;1 f10 _ 5/ly§(a+by§)2 f()l _ 6/1x§(a+x§)2 —m, a _
Kz(my§+l) (l?y§+a+x;) ’ (hy;+a+x;) ’ (by;+a+x§) (ﬂy§+1) ’
f _ 6/1[a +a(x’2‘+by’2‘)+2bx;y;] f _ _(My;(a+by;) f _ dAbx;(a+x3) _ af
= (by;+a+)c”2‘)3 ’ 207 by 0z~ (by§+a+)c’2‘)3 (/3y;+1)3 ’
fio = 5y5(a+by;) for = __ 6a[(a+by;)(a=by})+x;(a+2by}) ] fio = __ 6ab(aby; +2:x;y5b+a’~x;7)
30 gﬁ)li:ﬂlz—x;)t 2 ] (bys+a+xy)’ » /R (bys+a+xs)’ ’
x5 (a+x;
f03 = . : *24 d*ﬁ 75
(by2+a+x2) (By2+l)
and Pio(p, q), Q10(p, q) are C* functions at least of order fourth in (p, g).
p,q p.q p-q
The first Lyapunov number is
Iy = —% {[eloflo(efl + ey foo + eoafi1) + 610601(f121 +exnfi1 + e fo) + f120(€11602 + 2e02 fo2)

2e0 Det 2

—2810f10(fo22 — exen) — 2610601(630 = faofo2) — 6(2)1(2620f20 + firfa0) + (601f10—2e%0)(f11f02 - 811620)]
—(e7y + €01 fi0) [3(fiofos — eore0) + 2er0(ear + f12) + (ennfio — 601f20)]} .

From Theorem 1 of Section 4.4 of the paper [47], we draw the following conclusions. When [; > 0,
the limit cycle around EJ is unstable and the Hopf bifurcation is subcritical. When /; < 0, the limit
cycle around E7 is stable, and EJ loses its stability due to a supercritical Hopf bifurcation.

Because the formula of the first Lyapunov number /; is too complicated, we cannot easily determine
its sign. Therefore, the rationality of the Theorem 2.9 will be verified in the next simulation. O
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2.4.4. Bogdanov-Takens bifurcation

Above we discussed the bifurcation of codimension one at the nonhyperbolic equilibrium point,
and next we will prove the possibility of Bogdanov-Takens bifurcation of codimension 2. Earlier, we
know that y, is a dual positive root, and when some conditions are satisfied, E, is a cusp of
codimension 2. Next, we will explore the Bogdanov-Takens bifurcation with the parameters « and A.

Theorem 2.10. If we choose bifurcation parameters @ and A, then the model (1.2) experiences a
Bogdanov-Takens bifurcation around E, with changing parameters (a, A) near (apr, Agr). (¥pr, Apr)
denotes the bifurcation threshold value, i.e.,

Det(JE+)|(aBT,/13T) =0, Tr(JE+)|(aBT,/13T) = 0.

Proof. In order to obtain the exact expressions of saddle-nodes, Hopf and homoclinic bifurcation
curve for small neighborhoods near the Bogdanov-Takens point, we convert the model (1.2) into the
standard form of the Bogdanov-Takens bifurcation.

Then, parameter vectors (g;, ;) are introduced near (0,0) in order to perturb @ and A near the
Bogdanov-Takens bifurcation values given by @ = apr + € and 4 = Apr + &,. Substituting the
perturbation into the model (1.2), we get
d_x =rx(1 - ﬁ)
dr K'1l+my a+x+by cief+cyx
dy _ d@+enay  (@+ey
dt  a+x+by 1 +pBy

1 (A + &1)xy gie1x

—mXx,

(2.19)

mpy.

Let (0, 0) become the bifurcation point by introducing the transformation 1"y = x—x,, ¥, = y—y,, and
we get

dr
d_tl = moo(&) + mip(&) Ty + mo (&) 2 + my1 (&)1 Ta + mag(&) YT + mop(e) T3 + Pi(T1, T2, €),
(2.20)

dr
d_t2 = npo(e) + n1p(&) 11 + no1 (&) T2 + 11 (&) 1172 + nao(&) T + nea(e)15 + Q1(T1, T2, €),
where
_ rx(K—xy) (Ate)xey+ qgie1xy _ r(K-2x4) (At+e1)y+(a+byy) qw%cl
MO0 = K(itmy,) — atxitby.  crertear, A O = Ko T Ty i)’ (anrae? s
Mot = _rxp(K—xm  (Atep)xi(@+xy) My = _rm(K=2x,) _ a(d+e)(bys+a+xi)+2(A+e1)xey+b
o1 Kmy,+17  (bystatx)’ 1 K(my,+1)? (bys+a+xs)] ’
Moo = — r (A+e))y4(a+by,) 9%41016‘2 Mep = rx, (K—x,)m? (A+e)xibla+xy)
20 7 T my,+DK (by,+a+x,)? (crer+caxy)?’ 02 — K(my,+1)° (bys+a+x,)®
Hoa = O(A+e1)x4y+ + (@+&)y+ m Nin = O(A+&1)y+(a+byy) nor = O(At+ep)x (atxy) m, + —2te2
00 = “arxi+bys 1+By. 2Y+s 10 (bys+atxgy? ° 01 (bys+a+txs ) 27T By
0+ @ +alx,+by)+2bx.y, | Sy (a+by,) _ s(A+eDbxi(atxy)  (a+&)B
i = (byst+atxs)’ ’ = Ty 02T T ) B

and P(T1, 13, &), Q1(T1, T, €) is the power series in (11, 1) with terms 'Y”i 'Y’é requiring i+ j > 3, their
coeflicients depending on & and &, smoothly.
In the following, we perform the transformation

X=7 Y=moET +my(e)Ts,
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and model (2.20) becomes

dx

= = fo(&) +Y + i0(&)X? + i11(&)XY + ipy(e)Y? + Py(X, Y, &),
ay 2.21)
5 = J0@) + @)X + (@)Y + J20@)X* + ji1 (&)XY + ju(©)Y* + 02X, Y, &),

where

m3 (&)mao(e)—my1 (E)mio(&)mo (&) +mon(€)my (&)
m(2>1 (©)

mo1 (£)m;(&)—2moz(e)mio(€)

ioo(€) = moo(&),  ix(e) = , in(e) = pr
ina(8) = 28, joole) = moo(&)mio(e) + noo(Emor(e),  jo(€) = nio(&)moi () = noi(&)mio(e),
Jo1(&) = myp(e) + no1(e),

no(e) = m3 | (&nzo(&)—mo1 ()3 (&)m 1 (€)+mo1 (€)m? y(E)np2(&)+moz(£)m3 ()

b

+ myo(&)myo(€) — myp(e)nyi(e),

2
myg, (&)
. _ mp (@n11(&)+myy(&)mio(&)mor (€)—2mo1 (E)m10()noa(€)—2mpp(£)miy (€) . _ noa(e)mo1(€)+moa(e)mip(e)
Ji(e) = 7 , Joo(&) = 7 >
oy (&) mg, (€)

and P>(X, Y, e), 0»(X, Y, ) is the power series in (X,Y) with terms X'Y/ requiring i + j > 3, their
coeflicients depending on &, and &, smoothly.
Then introducing the next C* change of coordinates in a small domain of (0, 0):

0 =X, 6, =ip(e)+Y +inEX+i1(e)XY +in(Ee)Y?+ PyX,Y,e),

the model (2.21) can be written as

do, p
— =0,
ddgf (2.22)
d_t2 = woo(€) + win()1 + wo1 ()02 + wan(£)8; + wy1(£)0162 + woa(e)8; + O3(61, 62, 8),
where

Woo(€) = Joo(€) — ioo(€)jo1 (&) + i5y (&) jor &) — 2ip0(&)iga (&) joo(&) + - -+

wi0(&) = jio(&) + i11(&) joo(€) — ioo(€) j11(&) — 2io(&)ina(€) j1o(&) + -+,

wo1(&) = joi(&) + 2in(&) joo(€) — 2ipn(€) joo (&) — ino(£)ir1(€) — 4igo(&)i2(€) jor (&) + -+ -,

wao(€) = joo(&) — i20(€) jo1(€) + i11(€) ji0(&) — 2ina(£)izo(€) joo(€) + 2ino(&)izo(€) jo2(E)
—2igo(&)ig2(€) joo(E) + -+ -,

wi1(&) = j11(€) + 2i0(&) + 2i0a(&) j10(€) — 2i0a(8)i11(8) joo(€) + 2ip0(8)i11(€) joo &) + igo(&)i7,(€)
—digo(&)ipp(e) j11(e) + -+,

wo2(€) = joo(&) + i11(&) + 2ia(&) jor (&) + - -+,

and Qs(6,, 65, €) is the power series in (6, 6,) with terms 9§ ¢9£ requiring i + j > 3, their coefficients
depending on & and &, smoothly.
Use a new variable 7 by df = (1 — wy,(€)6,)dT, then we have

% = (1 = wea(€)61) [Woo(g) + wio(€)0) + woi(8)0s + wa(€)6] + wi1(€)016, + woa(€)65 + Q3(6), 65, 8)] .

(2.23)

{3%1 = 6x(1 — wea()0)),
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Let
m =6, m==0(1-wynEb),

then the model (2.23) can be rewritten as

dnp

d_ =,

dnT (2.24)
d—: = goo(&) + gio(&)n1 + go1(e)nz + gri(e)mma + 820(8)77% + Q4(n1,1m2, €),

where

goo(&) = woo(€),  g10(&) = wio(€) = 2woo(E)woa(€),  go1(&) = woi(e),
g11(&8) = wii(&) —wor(e)wpa(€),  g20(&) = wap(e) + Woo(8)W32(8) = 2wpa(e)wio(e),

and Q4(11,m, €) is a power series in (17;,1,) with terms n’iné requiring i + j > 3, their coeflicients
depending on & and &, smoothly.

We note that g,y(€) is a very complex number, so when &, and &, are small enough, it is difficult to
discern the sign of g»o(g). So, for the next transformation to be meaningful, we must move on to the
next two cases.

Casel: For £ and &, which are small enough, if g,o(g) > 0, then we use the next transform:

_ _ 2 _
X1 =T, X2= Von’ T = /g2,

and we get
dxi —y
S 2
é‘XT (2.25)
d_T2 = Moo(&) + Mio(e)x1 + Moi(e)x2 + Mii(&)xixa + X7 + Os(x1,x2, &),
where

Mon(g) = goo(&) Mio(e) = g10(&) Mai(g) = go1(&) . M () = g11(&)
00( ) g20(&)° 10( ) g20(&)° 01( ) m 11( ) ma
and QOs(x1,X2,€) 1s a power series in (y, x2) with terms Xli )(é requiring i + j > 3, their coeflicients
depending on & and &, smoothly.
Let

M
01 = X1 +%(8), 02 = X2,

then we can have

dO]

0 = 07,

30T (2.26)
d_; = Noo(&) + No1(£)oy + Nyi(€)0102 + 07 + (01, 02, &),

where
Noo(€) = Moo(e) — 1Miy(e),  Noi(e) = Moi(e) — 1Mio(e)M1(8),  Nyi(e) = My (e),
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and Q¢(01,0,, &) is a power series in (01, 0,) with terms o"loé requiring i + j > 3, their coefficients
depending on & and &, smoothly.
Assume that g1,(€) # 0, thenNy;(g) = My (g) = =1L % 0. Through the next transformation:

V&20(8)

X =N (8)o), Y =N} (e)os 1=+

Nii(e) T,

then we can obtain

dX

b

51; (2.27)
pri 01(&) + 02(8)Y + XY + X* + 04(X, Y, &),

where
01(8) = Noo(e)N{,(€),  02(8) = No1(€)Ny1(€),
and Q;(X,Y, &) is a power series in (X, Y) with terms XY/ requiring i + j > 3, their coefficients
depending on &; and &, smoothly.
Case2: For £ and &, which are small enough, if g,o(e) < 0, then we use the next transform:

2

Xl’ =T, XZ/ = ma T’ = V_gZO(g)Ta

and we can get

d)(l’ =x ’
’ - 2

é‘XT, (2.28)
2 ’ ’ /7 ’ /7 ’ ’ /7 /7 /7 /7

i Mo (8) + My (e)x1 + Moy (e)x2’ + My (€)1’ x2’ +x17> + Os'(x1',x2'» €),

where

MOO/(g) — _ 8w MIOI('S) — _ &) MOII(E) — _8u® M11/(8) — _8&u

s0(e)” ZC) Vg2’ V-g2(e)

and Qs'(y1’, x2’, €) is power series in (y;’, x»") with terms y,"'y,"/ requiring i + j > 3, their coeflicients
depend on &; and &, smoothly.
Let

’ ’ Mo’ (8) [ ’
o1y =x1 +—% -, 02 =Xx2,

then we can get

d01’ ,

;7 =02,
ar (2.29)
de, = Noo'(€) + Not'(€)02" + Ni1'(€)01' 02" + 01 + Q6 (01, 02, &),

where
Noo'(8) = Mo/ () — 1M1o”*(€),  Noi'(€) = Moy’ (&) — 1M1 (e)My'(e),  Nii'(e) = My (&),
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and Qq'(01’, 05, €) is a power series in (0;’, 0,") with terms 0,"0,"/ requiring i + j > 3, their coeflicients
depending on & and &, smoothly.
Assume that g1(g) # 0, then Ny,'(g) = M,,(e) = —su®) 2 (), Through the next transformation:

V—820(8)

X = N11/2(8)01,a Y = N11,3(‘9)02,’ = N]ll'(S)T,’
then we can have
dx’ v
a
ar (2.30)

=0/ +0,/EY + XY +X?*+ 0/(X, Y, ¢),

dr

where
01'(8) = Noo'(e)N11"*(e),  02/() = Not'(e)Nyy'(g),

and Q7 (X’,Y’, €) is a power series in (X', Y’) with terms X"'Y"/ requiring i + j > 3, their coefficients
depending on &; and &, smoothly.

To reduce the number of cases to be considered, we have reserved o;(€) and o,(€) to stand for o0, ()
and 0,’(¢) in (2.30). If the matrix ‘gg—féz; is nonsingular, then the transformation is a homomorphism
in a sufficiently small domain of (0,0). Meanwhile, under the above condition, o;, 0, are two
independent variables. From the conclusions in [47, 48] and [49], we can obtain that the
Bogdanov-Takens bifurcation is produced when &€ = (g1, &;) is located at a fully small domain of
(0,0). Therefore, the local formulas near the origin of the bifurcation curves can be written as (“+”
denotes g,9(¢) > 0 and “—"" denotes g,(e) < 0):

(1) The saddle-node bifurcation curve can be represented as

SN ={(e1,&) : 01(e1,&2) = 0,02(€1, &) # 0} ;

(2) The Hopf bifurcation curve can be represented as

H= {(81,82) c01(81,8) <0,0:(e1,8) = \/—Ql(81,82)};

(3) The homoclinic bifurcation curve can be represented as

| WD

V—Q1(81,82)}-

HL = {(81,82) c01(e1,8) <0,0:(e1,8) = %

Regarding the autonomous predator-prey model (1.2), the mathematical theory derivation work not
only focused on population persistence, existence and stability of some equilibrium points in the
model (1.2), but also analyzed in detail the specific bifurcation dynamic behaviors of the model (1.2),
such as transcritical bifurcation, saddle-node bifurcation, Hopf bifurcation and Bogdanov-Takens
bifurcation. These theoretical research results provided a theoretical basis for subsequent numerical
simulation work, and qualitatively proved that bifurcation dynamics evolution can induce the
formation of population growth coexistence modes.
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3. The nonautonomous model

In the model (1.2), it is assumed that all parameters are independent of time. However, in the
real world, the parameters in ecological models are not constant; instead, they change over time due
to different ecological and environmental conditions. Therefore, we extend the autonomous model
to a nonautonomous model by incorporating seasonal factors into some key parameters. In fact, we
take the growth rate of predator population, the level of fear, and the harvesting effort of the prey
population as time-dependent parameters, while the other parameters are assumed to be constant. Our
main objective is to study the impact of seasonality in these ecological factors on the dynamics of the
proposed predator-prey model. After considering the time dependence of the parameters m, e; and «,
the model (1.2) is transformed into the following form:

dx _ X 1 Ay _gqea®x

dr — l"X(l K)1+m(t)y a+x+by crer(H)+cox mx, (3 1)
dy _ dAxy oty m :
dt = a+x+by 1+8y 2y-

A set of seasonally-forced parameters of the abovementioned system functions, namely m(t), e ()
and a(?), are all nonnegative, continuousm and bounded functions with a positive lower bound. In
actual ecological systems, time-varying parameters are often not synchronized. Various ecological
factors, such as environmental conditions, temperature and weather, can all lead to such changes.
Although considering seasonal forcing parameters in different periods can better simulate real-world
situations, it poses challenges to both mathematical analysis and numerical computation. In order to
maintain traceability when we analyze the nonautonomous model(3.1), we simplify the assumption
that all time-varying parameters share the same period. Although this assumption may deviate from
the complexity of the real ecological dynamics, it enables us to effectively analyze the model (3.1)
both mathematically and numerically.

Definition 3.1. For a continuous w-periodic function f(¢) on R*, we define the following notations:

U= supf@), f=inff@), f=-— f Fodr,
teR w Jo

teR

3.1. The boundedness of the solution

Theorem 3.1. The model (3.1) is bounded in R2.
Proof. Obviously, we have

_ d MOy LEVE  _ _a1e1@x@)

X(#) = x(O)exp {fg |71 = D e — it — b — M| dé},
_ oAx(@) a(d)

¥ = yOexp{ [f| i — v — | €}

thus, x(#) > 0 and y(r) > O.
From the first formula of the model (3.1), we can get the following inequalities

i—f < rx(l = ) —mx = x(r —my — £X), 3.2)
and according to Lemma 2.1, we discuss the case of r — m;.
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If r—m; <0, then X < 0, so it is clear that lim x(r) = 0. Then, when ¢ is sufficiently large, we

- t—00

can have

dy Uy )

@ < 1y —moy = pig (@Y —my — moPy),
therefore, the following two situations may occur.

(i) If ¥ —m, <0, then y < 0, then we have lim y(7) = 0.
t—00
a/U—mz
mpf °

If r —m; > 0, by applying the Lemma 2.1, we have lim sup x(¢) < x,,,, where x,,,, are positive real

t—o0

(ii) If @V — m, > 0, then we have lim sup y(¢) <
—o0

roots of equation
r—m;—£x=0. 3.3)
Also, according to lim sup x(#) < x,,., and the equation of the model (3.1) we can get
>0

dy 6/1sz1)( v
G < e 4O —myy, 3.4)

in the same way, by using Lemma 2.1, the inequality (3.4) signifies that lim sup y(¢) < V,ax, Where y,q.
t—o00
are positive real roots of equation

—‘“’Z"“X + “‘TU —myy = 0. (3.5)
Solving the Eqgs (3.3) and (3.5), we obtain x,,,, = M and Y, = i(‘w% + ‘%U). Therefore, we
prove that the solution of the model (3.1) is bounded. O

3.2. Possibility of a positive periodic solution

To prove the existence of at least one positive-periodic solution of the model (3.1), we will make
use of the following lemmata and definitions.

Lemma 3.1. (Continuation Theorem) [50] Let X and Z be two Banach spaces, L : DomL Cc X — Z
be a Fredholm operator with index zero, and Q C Z be any open bounded set. Also,let Q : Z — Z be
a continuous projection mapping and N : X — Z be a continuous mapping which is L-compact on Q.
If there exists an isomorphism J : ImQ — KerL such that

(1) Lx # ANx for every x € 0Q N DomL and 1 € (0, 1).

(2) ONx # 0 for every x € 0Q2 N KerL.

(3) Let / : ImQ — KerL be an isomorphism so that the Brouwer degree is
deg{JON,Q N KerL} # 0.
Then, there exists at least one solution to the equation Lx = Nx in DomL N Q.

Definition 3.2. [50] Let X and Y be two Banach spaces, and L : DomL c X — Y be a linear mapping.
If the following conditions are satisfied:

(1) ImL is a closed subspace of Y.

(2) dimKerL = codimImL < oo,
then L is called a Fredholm operator with index zero.

Definition 3.3. [50] Let L be a Fredholm operator with index zero. Then there exist linear projection
operators P : X — DomL, Q : X — Y such that
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(1) ImP = KerL, KerQ = ImL = Im(/ — Q).

(2) X = KerL® KerP, Y = ImL & ImQ.
The mapping Lp = L|pomznkerr : DomL N KerP — ImL is an invertible mapping. Denote its inverse by
Kp, then Kp : Kp — DomL N KerP.

Definition 3.4. [50] Let L : DomL c X — Y be a Fredholm operator of index zero, and let QQ C X be
an arbitrary open set. Let N : X — Y be a continuous mapping. If ON(Q) is bounded in Y and
Kp(I — Q)N(Q) is a relatively compact set of X, then N is said to be L-compact on Q2.

Definition 3.5. ¢ : DomL N KerL x [0,1] —» X

. 1 Ae" qiei
r(l - e_)—v - u v w m]
o(u, V,,Ll) — ( 5 K7 T+m(n)e” | u a+e'+be (csheelu(tz)ﬂze )

1+8e” -y a+e''+be¥

In order to simplify the model equations, we assume that x(¢) = ¢“®, y(f) = ¢"?, then the model (3.1)
can be written as the following form

du(r) et ® 1 e’ qre1(t)
=r(1- ) - - —m,
dr K "1+ m()e’® a+e'® + be'®  cie(t) + cret (3.6)
dv(?) dAe!? . a(f) '
= — my.
dr a+ e+ be'® 1 4 Ber® :
We will consider the model (3.7)
du(t
B AU u, v ),
ds 3.7)
dv(r)
= AV(t, u(t), v(1)),
dr
where " " o
eut evt er(t
U(t’ I/l(t), V(t)) = r(l _(,)T)l-'—m(]t)e‘}(t) - a+ef(’)+be"(’) - Clelq(;)-il—CQe“(’) —my,
V(ta l/l(t), V(t)) = a+eéuﬁ)e+bev(t) + 1_:;(30) — mj.

Lemma 3.2. If (u(?), v(¢))! is a positive w-periodic solution of the model (3.7), then when the following
conditions are met

(10 < my — 61 < aY;

Qr > (% + Z—: + my)(1 + mYe?);

3) > my;

there exists a positive number S such that |u(z)| + |v(f)] < S, where S is given in the following
proof.

Proof. Since (u(?), v(t))" is a periodic solution of the model (3.7), it suffices to prove that the theorem
holds on the interval [0, w].

First, let

u(§r) = max u(r), wu(n) = min u(),
t€[0,w] 1€[0,w]
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V(&) = max v(1), v(n2) = min w(1),
1€[0,w] 1€[0,w]

s0, we can get
(&) = u(ny) = v(&) = v(n) =0,
Substitute (&) = v(&;) = 0 into (3.6), and we have

eHén 1 NeVéD qie (&)
0=r(l- ) - - _
K "1+ m(&)e’e)  a+ e + be'@)  crei(£)) + cretén)

_ Se® a(&)

T4t e@ 1 pe@ | 14 ge@

From the first formula of (3.8), we obtain
e 1 _ Ae’€D) qie1(é1)
(I K )1+m(§1)ev(‘f]) T a+e €01 €D T cre(£))+cre €D +m >0,

further, we get for some H,
u(t) <u€) <InkK :=H,.
From the second formula of (3.8), we have

U
(2%
my — ol — —1+Bv(.§-‘2) < O,

moreover, we get for some H,,

i

v(t) S V(& < In[1GS5 - D] = Ha.

Putting it(n,) = v(172) = 0 into (3.6), we have

0 1 eu(fm) 1 Qe’m giei(m)
=7r(]l — — — —
K "1+ m(n)e’m)  a+ et + bevm)  cie(ny) + crem
oo ol a (1)
T4t e 1 pem 14 B
From the first formula of (3.9), we can obtain
4011) 1 b q1
r(l = S ) =5 = —m <0,

furthermore, we get for some Hs,
u(®) 2 u@) 2 In{£[r =G+ 2 +m)A +mVe™)|} := H,
From the second formula of (3.9), we obtain

Toper < M2,
so, we get for some Hy,
!
v(t) 2 v) 2 In| 3(= - 1)| := Hi.

my

1»

(3.8)

my,

(3.9)
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To sum up, we get
H; < M(l‘) <H;, H;< V(l) < H,.

Let
E; = max{|H|,|Hs|}, E,=max{|H,|,|Hsl}, S|=E;+E,,

then, we have
@l < By, VOI < Ey [u@l+@0I<Sy, Vie[0.w].

O
If (u,v)T is a constant vector solution of the model (3.7), then we have
" 1 Ae’ t
0:r(1—e—) _ € _ qie: (1) —my
K 1+m(t)er a+e“+be cre(t)+ cret (3.10)
ode" a(r) ’
= —mj.

T a+e +be’ 1+ Be

Integrating (3.10) on the interval [0, w], respectively, and according to the second mean value theorem
for integrals, we can obtain

e 1 Ae’ q1€
0=r(1-%) - - —m,
K 1+m(t)e a+e*+be’ cie(ty) + cret 3.11)
ode" N a '
= — My,
a+e'+be" 1+Se :
where, 11, 1, € [0, w].
Consider algebraic equations
e 1 e’ q:€
O=r(l-— - + + ,
r( K)l + m(t;)e’ H a+e“+be’  cre(t) + cret m (3.12)
ode" a '
0 =M — My,

+
a+e“+be’ 1+pe

where, u € [0, 1] is a parameter.

Lemma 3.3. If (u(?), v(¢))! is a solution of the algebraic equations (3.12), then when the following
conditions are met
(HO0<m—-0d<a;
@) r> (5 + 2% + m)(A +mVe);
G)a>my
there exists a positive number S, such that |u| + |[v| < S,, where S is given in the following proof.
Proof. From the first formula of (3.12), we obtain

e 1 _ e’ qi€1
7'(1 K)l+m(t1)e" =M [a+e”+be" + crei(t)+cret + ml] > O’
so, we get for some Gy,

u<Ink :=Gj.

Electronic Research Archive Volume 33, Issue 10, 6096-6140.



6123

From the second formula of (3.12), we obtain

0< ode"

a a
S — g M+ <O0Ad—my +

14+Be" — 1+Be"?

so, we get for some G,

v <ln[é( L — 1)] = Gy.

my—o4

From the first formula of (3.12) and G,, we have

then, we get for some G3,

uzln{g

r- G+ 2 m)(4me)|| = G
From the second formula of (3.12), we have

o1
my — Tpe > 0,
moreover, we get for some Gy,
v>1In [é(i - 1)] = G,.

my

Combining the above inequalities, we can obtain
G3:<u<Gy, G4<v<Gy.

Let
E; = max {|G1],|G3l}, E4=max{|Gy|,|G4l}, S2=E;3+ Ej,

then, we have
lul < E3, PI<Es |ul+v] <S8,

O
Theorem 3.2. If the conditions of Lemmata 3.2 and 3.3 are satisfied, then, the model (3.1) has at least
one positive w-periodic solution.
Proof. Assume that x(¢) = ", y(t) = ¢"®, then the model (3.1) can be written as the model (3.6).
Define
X =Y = [2(0) = ). v(1)" € CR ROt + w) = 2(0)),
@)l = (|, v = max u()] + max (o),

then, X and Y together with the norm ||-||, are both Banach spaces.
For z(¢) € X, the operator is defined as follows

L:DomLNX - Y, Lr=% Pz=20),Q0:=1["zndt, N:X Y,

_ X 1 Ay qa®x
Nz = I".X(l K)1+m(t)y a+x+by crei(t)+cox myx
= oAxy a(y m s
atxiby T TBy 2y

so that, we have

KerL = {z(t) € X|Lz = 0}, ImL ={z(r) € Y| [\’ 2(0)dt = 0},  dimKerL = codimImL = 2.
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According to the Lebesgue dominated convergence theorem, it can be proved that ImL is closed in Y.
Therefore, L is a Fredholm operator with index zero.
Obviously, both P and Q are continuous projection operators and satisfy

ImP =Kerll, ImL=KerQ=Im(I-0Q), X=KerL®KerP, Y =ImL®ImQ,

which means that L is invertible on DomZL N KerP, and its inverse is Kp : ImL. — Dom/L N KerP, which
is denoted as

Kp(z) = fot 2(s)ds — ifow dt fot z(s)ds.
For all z(r) € X, we have

ONz = Q(F (1, u(t), (1)), Fa(t, u(®), v))) = (% [ Fy(t,u), vo)d, L [ Folt, u(e), ve))dt)” = (Fy, F>)".

Let
oit) = [ Fi(s,u(s),v(s)ds + (2 = F; = L [ dt [ Fi(s,u(s),v(s))ds, i=1,2,
then
Kp(I = Q)Nz = (91 (1), p2(0)".

Therefore, according to the Lebesgue dominated convergence theorem, we get both QN and Kp(I-Q)N
are continuous.
Suppose that

Q = {z(t) = @), )" € Xlllzt)ll < S},

where
S=85+S,+¢&, &>0.

Since F;(t, u(t), v(t)) is bounded within [0, w] X Q, ON(Q) and Kp(I — Q)N(Q) is uniformly bounded
and equally continuous within [0, w]. According to the Arzela-Ascoli theorem, both QN (Q) and Kp(I -
Q)N(Q) are compact sets. Therefore, N is L-compact on Q.

Subsequently, we proceed to validate the three conditions of the continuation theorem respectively.

(1) For every z(t) € 0Q N DomL and A € (0, 1), Lz # ANz

Using proof by contradiction, if Lz = ANz, then z(f) is a positive w-periodic solution of the
model (3.6). Then, according to Lemma 3.3, we have ||z(?)|| < S . However, since z(¢) € 0Q2 N DomL,
llz(O|l = S, which contradicts the conclusion mentioned above. Therefore, we have verified the first
condition of the continuation theorem.

(2) ONx # 0 for every x € 0Q2 N KerL

Using proof by contradiction again, if QNz = 0, then z = (u,v)” is a solution of (3.12), when u = 1.
So, ||z]l £ S,, which contradicts ||z]| = S > S,. Therefore, we have verified the second condition of the
continuation theorem.

(3) deg{JON,QQ N KerL} # 0

For all z(r) € ImQ, we obtain Jz = z, hence, z(f) € Q N KerL, z = (u,v)! is a constant vector.
Therefore,

JONu,v)" = JO(F,(t,u,v), Fa(t,u,v))"

1 1
= (_ fw F] (t, u, V)dt7 - jw F2(t7 u, v)dt)T
w Jo w Jo
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Ae
a+e'+be’ 1+8e¥ m

e 1 R qiei _
— (}"(1 K ) l+m(t1)§e" | atettber crei(t2)+cre” ml]
- o, b

and JON(u,v)! = ¢(u,v, 1), where (u,v)! € dQ N KerL, ¢(u,v,1) # (0,0)". Otherwise, (u,v)! is a
, )T|| < S, contradicts (u, v)T € 0QNKerL. Then, according to the homotopy
invariance of the topological degree, we can obtain

deg {JON(u, v, 1), KerL N Q,(0,0)"} = deg {¢(u, v, 1), KerL N Q,(0,0)"}
= deg {¢(u,v,0), KerL N ©,(0,0)"}

e 1 A | T
{(r(l K)1+m(t1)eV I+ e my)', KerL N Q, (0,0) }

Consider the algebraic equation

1
——) =0,
r(l i K)1+m(t1)eV (3.13)

a
—m2=0.

1+ BeY

From (3.13), we get
K — K(1+m(te’)

r 2

= 1n[}3(,;1;’2 - 1)], w =1n

where (u*,v*)T € KerL N Q is the unique solution of (3.13). Let

u 1 ~
Yi(u,v) = r(l = P imme,  Yew,v) = gz —m,

so we have
W _ _r_ et % — (1 — m(ty)e” W _ W _ __ape”
du — K 1+m(t)e’’ 7'(1 )(1+m(tl)e‘)2’ ou — 0, v~ (1+pe")?’
then
’ ’ o1 (uy) 01 (u,v)
deg {TON(u,v)" , KerL N Q. (0,0)} = sgn 3,7 s
ou av (u*,v*)
_r_e ] = €y _mle”
- K 1+m(ty)e” r(1 )(1+m(t1)ev*)2
0 _ape”
(1+,36‘ *)?
rafe’ e”
= sSon " " = 1 * O
& {K(l +m(me” )1 + e’ )2}

Consequently, we have successfully verified the third condition of Lemma 3.1. From this, we know
that the model (3.1) has at least one w-periodic positive solution within the intersection of 2 and DomL,
which is denoted as (u,v)T. It is easy to derive that x(f) = €“(f) and y(f) = e'(¢). Therefore, we can
conclude that (u(r), v(¢)) constitutes an w-periodic solution of the nonautonomous model (3.1). O
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3.3. The global attractiveness of the positive periodic solution

Lemma 3.4. [50] Consider a real number n, and let f denote a nonnegative and integrable function
that exhibits uniform continuity defined over the interval [n, 00). In such a case, it follows that as ¢
approaches positive infinity, the limit of f(¢) tends to zero.

Definition 3.6. (x(7), ()" is a positive w-periodic solution of (3.1), and (x(z), y(¢))! is an arbitrary
positive solution of the model (3.1). If (x(z), ¥())" and (x(r), y(£))T satisfies

lim |x(¢) — X(#)] = 0, lim [y(¢) — y(¢)| = 0,
t—o0 t—o0
then (X(1), y(¢))! is globally attractive.

Theorem 3.3. Assume that the solutions of the model (3.1) remain bounded. If ¥; and X, satisfy the

following conditions

_ ml rmYL, Aa+K) ]_ [ 8AbL, v ] .
(1) 21_#1[(1+mUL2)2 R T @y | T M2 | mhes T aper ] > 0

U
L qie|c 0A(a+bL
ALy _ 1 (a+bLy) > 0;

(2) %y = [1+r:UK2 T (@+K +bKy)? (clell+¢-21<1)2] T H2 3K bk,
then the model (3.1) will have a positively w- periodic solution with global attractiveness.
Proof. Because the model (3.1) has at least one positive w-periodic solution (%(2), (1))!, we get

e <x() < e, e <3(r) < e,
moreover, due to the solution of the model (3.1) being bounded, we let
Ky < x(1),x(t) < Ly, K; <y(0), () < L.

We define a Lyapunov function as
V() = Vi(o) + Va(0),
where

Vi(0) = pi lInx(z) = Inx(@)[,  Va2(t) = a2 [Iny(r) — In j(1)] .

Take the right upper derivatives of V;(f) and V,(¢), respectively, we can obtain

DVi(t) = a1 sgn(a(t) - fcm)(% - %)
rm(t) rm(t)X Ax +a) _
SH T o 1m0y T KA+ moy( +m@y) @+ xsbyya+xsby| 070
r Ay qiei(t)c, _
T e T may) T @rxt )@t i) e+ on@ed +an | F0 O
< B rm! rmVL, B AK; +a) A — s
SHU T e T KA+ mK)e @+ L+ oLpe | YO YO
r AL, (]1636’2 _
THTRA v mULy) T @+ K +bKy)?  (crel + c2K1)2] () = 2
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DY) = jnsgnty(t) = SO) 3 - %)
i P béy/;[(?;+ +by) +ﬁ6;()t()1ﬁ+ﬁy) (@ =30l
TR iﬂlj;l)?abf )x oy O~ 0
<ie| o =+ f;f(z)z] () = 5O+ (a‘sf([‘;ib o () = 30,

Based on the above two equations, we can have

D*V(t) = D'V (t) + D"V, (1)

< [y(@) =yl {ﬂl

rm! . rmYL, AK; +a)
(1+mVL,)? KA +mKy)? (a+L,+bly)?

P R R } + 1x(t) - 7 {ul S —E
(a + Ky + bKy)?> (1 +BK>)? K(1+mYL,) (a+ K, + bK;)?
qie]c §A(a + bL,)
(crel + czKl)z] +'u2(a + K+ bKZ)z}

_ rm rmVL, AK; +a)
< =@ = YOl T — + >
(1 +mYLy) K(1 + m'K,) (a+ Ly + bL,)
SAbL VB i r AL
> —— + S|t = 1) = 01 — - R
(a+ K; + bK>) (1 +ﬂK2) K(1 +mVL,) (a+ K; + bK5)
qief ¢ 6A(a + bLy)
(e + k)2 | M+ K+ b2
Let l ’ : g
— rm rm” L A(a+K 0AbL a
Ly = [(1+mUL2)2 = Ktk T (a+L1+biz)2] TH2 [a+K1+l;K2 + (1+,6’K2)2] >0,
5y e ALy qiefer | sAa+bly) 0

2= U TonTK, ~ @rKibKa? (el +aKo)? 2 arK +0Ky)?
Then we have
DV(t) = =X [y(t) — y(O)| = Za |x(t) — X(D)],

integrate the above expression from 7 to ¢ and simplify it briefly, where > T > 0, then we obtain

V() + X f [y(s) — y(s)|ds + Ezf |x(s) — x(s)|ds < V(T).
T T

Therefore, we get that the solution of the model (3.1) is bounded. Consequently, the derivative of the
solution is bounded and |x(s) — X(s)|, [y(s) — ¥(s)| are uniformly continuous. According to Lemma 3.4,
we can obtain

lim [x(1) = %) = 0, lim [y(t) = (1) = 0.

In this way, we have proved that the positive periodic solution (%(¢), ¥(f))? of the model (3.1) is globally
attractive.
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Next, we will prove that this solution is unique. We consider (¥,(7), 7, (¢))! and (%,(?), ¥,(t))", which
are positive w-periodic solutions different from the model (3.1) and are globally attractive. Therefore,
there exists £ € [0, w], such that X;(£) # X,(£). There also exists € > 0, such that

&= IH1(&) — B@)] = lim %1 + nw) - HE + nw)| = lim [F(2) - H0)] > 0.

This contradicts the fact that the solution is globally attractive. Hence, we have X,(f) = X,(#) and
y1(t) = y,(t), and we have proved that the model (3.1) has a unique positive w-periodic solution which
is globally attractive. O

Regarding nonautonomous predator-prey model (3.1), we introduced some ecological
environmental factors with seasonal periodicity, which not only can make the ecological dynamic
relationship represented by the predator-prey model closer to the actual dynamic relationship in the
field, but also can induce the predator-prey model to have specific dynamic states, which can represent
the population persistent survival. Mathematical theory mainly investigated the boundedness of
solution, possibility of positive periodic solution, and global attractiveness of positively w-periodic
solution.  These results directly indicated that some key parameters with seasonal periodic
disturbances could induce predator and prey to form the periodic oscillatory growth coexistence,
which indirectly proved that nonautonomous predator-prey model can more accurately represent the
periodic survival status in the wild than the autonomous predator-prey model.

4. Numerical simulation analysis

4.1. Numerical results for the autonomous model (1.2)

In order to verify the effectiveness and feasibility of the theoretical derivation work, and visualize the
evolution process of specific bifurcation dynamics behavior, we conduct relevant bifurcation dynamics
evolution simulations on the model (1.2) with different growth coeflicients « values with the help of
Matlab software.

4.1.1. Numerical results for transcritical bifurcation

When we take the values of other parameters according to Table 2, we can directly compute
arc = 0.142329. The model (1.2) exhibits two boundary equilibrium points E,; and E,s. When
a = 0.14 < arc, the boundary equilibrium point E,3 is an unstable saddle point, whereas the
boundary equilibrium point E»4 is a stable node (seeing Figure 3(a)). When o = 0.142329 = ay¢, the
boundary equilibrium point E,4 transforms into a saddle-node point, while the boundary equilibrium
point E»3; remains a saddle point (seeing Figure 3(b)). Furthermore, when @ = 0.15 > ay¢, the
boundary equilibrium point E,4 becomes a saddle point (seeing Figure 3(c)). This implies that as «
value increases, the stability of the boundary equilibrium point E,, shifts from stable to unstable,
which implies that predator populations will not gradually go extinct.

4.1.2. Numerical results for saddle-node bifurcation

When we take the values of other parameters according to Table 2, we can easily compute agy =
0.222761. This implies that as a value varies around «g y, the number of the internal equilibrium point
in the model (1.2) changes from O to 2. It is easy to find from Figure 4 that when @ = 0.23 > agy =
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(@) a=0.14 () @ = 0.142329 () @=0.15

Figure 3. The process of transcritical bifurcation according to the bifurcation parameter «,
and the values of other parameters are from Table 2. (a) saddle E,; and stable node E»y; (b)
saddle E,; and saddle-node E,4; (¢) saddle E»3; and saddle E,y.

0.222761, the model (1.2) has no internal equilibrium point, when @ = 0.222761; the model (1.2) has
an internal equilibrium point E,, which is a saddle-node point; when @ = 0.2227, the model (1.2) has
two internal equilibrium points E7 and E3, where E7 is a saddle point and E7 is an unstable node. These
research results not only directly indicate that predator and prey can form a transient constant growth
coexistence mode, but also suggest that the model (1.2) will exhibit more diverse dynamic behaviors.

T T T T T T T T T T T
1151 11 4 115

o internal equilbrium 109

1.08

>107

1.06

1.05

1.04

L L L L
{ I I I I I I I
1;(6 1 17 14 145 15 15 x 16 1.65 17 175

I I I I I I I I I I I
135 14 145 15 155 16 165 17 175 18 185
X

(a) @ =023 (b) @ = 0.222761 () a =0.2227

Figure 4. The process of saddle-node bifurcation according to the bifurcation parameter «,
and the values of other parameters are from Table 2. (a) no internal equilibrium point; (b) a
unique internal equilibrium point E.; (¢) two internal equilibrium points E7 and E7.

4.1.3. Numerical results for Hopf bifurcation

When we take the values of other parameters according to Table 2, we can easily calculate ay =
0.220689, which implies that as @ value varies around ay, the model (1.2) will generate stable or
unstable limit cycles. Additionally, the first Lyapunov number is /; = —0.3719835444 < 0, indicating
that this limit cycle is stable. In Figure 5(a), when @ = 0.222 > ay, the model (1.2) has an unstable
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focus E7. As a value decreases to 0.220689, the unstable focus transforms into a center in Figure 5(b),
marking the critical state of the model (1.2). Further, when @ = 0.2205 < @y, the center becomes a
stable focus in Figure 5(d), and the model (1.2) produces a stable limit cycle in Figure 5(c). These
research results directly indicate that predator and prey can form a steady state periodic oscillation
growth coexistence mode, which means that predator and prey can grow and coexist for a long time
within a certain range.

center E,

(b) @ = 0.220689

stable focus E; L =

I I I I
1 15 X 2 25

(c) a =0.220689 (d) @ =0.2205

Figure S. The process of Hopf bifurcation according to the bifurcation parameter «, and the
values of other parameters are from Table 2. (a) unstable focus E7; (b) E is a center; (c)
partial amplification with (x,y) € [1.9,2.5] x [1.15, 1.25] for (b), and a stable periodic orbits
around E7; (d) a stable focus E7.

4.1.4. Numerical results for Bogdanov-Takens bifurcation

When we take the values of other parameters according to Table 3, we can calculate the Bogdanov-
Takens bifurcation critical values agr = 0.272888 and Agr = 0.419147. The numerical simulation
results are shown in Figure 6, which can reveal the complex dynamical behaviors of the model (1.2)
near the critical points. When the values of key parameters @ and A vary slightly around the critical
values (apr, Apr), the dynamical behaviors of the model (1.2) change essentially, and the population
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growth coexistence modes also exhibit significant dynamic variations.

Table 3. Parameter values.

r K m a b q1 e, ¢ m; 0 B my

08 10 02 3 0.1 025 03 04 025 02 015 03 02

The synergistic effect of the Beddington-DeAngelis functional response parameter A and the Smith
growth parameter « can induce the Bogdanov-Takens bifurcation phenomenon, which can significantly
influence the population growth coexistence modes. Specifically:

(i) When the coeflicients satisfy (g1, &;) = (0, 0), as is shown in Figure 6(a), the model (2.16) exhibits
a codimension-two cusp.

(i1) As the perturbations &; and &, decrease to (0.01, -0.0015), the model (2.16) has no equilibrium
points, as is shown in Figure 6(b).

(ii1) Further decreasing €; and &, to (0.01, —0.002033), the model (2.16) has an unstable saddle point
and an unstable focus, as is shown in Figure 6(c).

(iv) When (g1, &) = (0.01,-0.002046), an unstable limit cycle rotates around a center and a saddle
point, as is shown in Figure 6(d).

(v) As & and &, decrease to (0.01, —0.002059), the model (2.16) has a stable focus enclosed by an
unstable homoclinic orbit and a saddle point, as is shown in Figure 6(e).

(vi) Finally, when (g1, &) = (0.01,-0.00207), as is shown in Figure 6(f), the model (2.16) has a
saddle point and a stable focus.

This numerical simulation result not only verifies the correctness and feasibility of the theorem,
but also reveals that minor perturbations €; and &; in the parameter space of @ and A can trigger
drastic transitions in the ecological model’s states, which may manifest as constant steady state growth
coexistence mode or periodic oscillatory growth coexistence mode.

4.2. Numerical results for the nonautonomous model

To verify the correctness and feasibility of the Theorems 3.1, 3.2 and 3.3, we conducted numerical
simulations on periodic solutions of the nonautonomous model (3.1) with the help of Matlab software.
Meanwhile, it is worth noting that although the some parameters in ecological models might naturally
exhibit diverse periods, for the sake of computational convenience, we standardized all parameter
periods to 90 days. Moreover, it must be admitted that changing the periods of these periodic functions
could lead to different results, which highlights the model’s sensitivity to temporal dynamics. In the
model (3.1), we set

a(t) = a + aysin(wt), e1(t) = e; + e sin(wt), m(t) = m+ mysin(wt),

and we adopt the following parameter value set in Table 4. It is obvious that the model (3.1) is unstable
at this point.

First, while we keep other parameters unchanged, we consider the seasonal variation of the
predator’s Smith growth parameter, while the prey harvesting parameter and fear effect parameter will
remain aseasonal (i.e., e;; = 0,m;; = 0). When a;; = 0.1, the model (3.1) can exhibit a single
periodic solution (seen in Figure 7(a)). At the same time, we plotted phase portraits of the model (3.1)
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Figure 6. apy = 0.272888, Agr = 0.419147 and the values of other parameters are from
Table 3. The dynamic evolution process of B-T bifurcation of the model (2.16). (a) A
cusp with codimension 2 when (g1,&;) = (0,0); (b) no equilibrium point when (g1, &;) =
(0.01, —0.0015); (c) unstable saddle and an unstable focus when (&1, ;) = (0.01, —0.002033);
(d) There exists a stable focus surrounded by an unstable limit cycle and a saddle when
(e1,&) = (0.01,-0.002046); (e) There exists a stable focus surrounded by an unstable
homoclinic orbit and a saddle when (g1, &) = (0.01,-0.002059); (f) There exist a saddle
and a stable focus when (&1, &) = (0.01, —=0.00207).

Table 4. Parameter values.

r K m

a b

q e ¢ ¢ m 0

B

my @ A

0.9

10 02 2 0.5

0.1 04 04 0.1 0.1 0.1

0.35 0.13 0.18 0.1

under five different initial values: (8.2,1.5), (8.1,1.3), (8.4,1.4), (8,1.3475) and (8.5, 1.348), as is
shown in Figure 7(b). It is obvious that solution trajectories from different initial conditions can
ultimately converge to the periodic solution, which can confirm that this single periodic solution is

globally stable.

Thus, this research result can directly indicate that the periodic per-capita

reproduction rate can induce predator and prey to form a steady state periodic oscillation growth
coexistence mode.

Second, we discuss the seasonal variation of the prey harvesting parameter, while the per-capita
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Figure 7. (a) solution time series of the model (3.1) for a;; = 0.1; (b) Phase portraits of
the model (3.1) with five different initial values (8.2, 1.5), (8.1, 1.3), (8.4,1.4), (8, 1.3475),
(8.5,1.348). Solution trajectories stemming from diverse initial conditions can ultimately
converge to a single periodic solution. The values of other parameters are from Table 4.

reproduction rate parameter and fear effect parameter will remain aseasonal (i.e., ay; = 0,m;; = 0).
When e;; = 0.2, the model (3.1) possesses a simple periodic solution (seen in Figure 8(a)).
Furthermore, we construct phase portraits of the model (3.1) under five distinct initial values:
(8.2,1.347), (8.1,1.347), (8.4,1.348), (8,1.3475) and (8.5,1.348). Thus, it is easy to find from
Figure 8(b) that solution trajectories originating from different initial conditions can eventually
converge to this single periodic solution, which can confirm that this single periodic solution is
globally stable. This research result can directly indicate that the prey periodic harvest amount can
induce predator and prey to form a steady state periodic oscillation growth coexistence mode.

Finally, we address the seasonal variation of the prey’s fear effect parameter, while the per-capita
reproduction rate parameter and prey harvesting parameter will remain aseasonal (i.e.,
a;p = 0,e;; = 0). When my; = 0.05, the model (3.1) harbors a simple periodic solution (seen in
Figure 9(a)). Meanwhile, we generate phase portraits of the model(3.1) under five diverse initial
values: (7.95,1.34), (7.95,1.342), (7.9,1.343), (7.7,1.341) and (7.8, 1.342). It is obvious to find from
Figure 9(b) that solution trajectories emanating from distinct initial conditions will ultimately
converge to the simple periodic solution, which can confirm that this single periodic solution is
globally stable. This research result can directly indicate that the periodic fear effect can induce
predator and prey to form a steady state periodic oscillation growth coexistence mode.

By comparing the numerical simulation results of the model (1.2) and model (3.1), it can be
concluded from Figures 3-6 that the model (1.2) has rich bifurcation dynamics, which can drive
predator and prey to form steady state constant growth coexistence mode and steady state periodic
oscillation growth coexistence mode. Meanwhile, it is even more worth emphasizing from
Figures 7-9 that the model (3.1) has stable periodic solutions when the key parameter values are
subject to seasonal periodic disturbances, which indicates that predator and prey have a stable
periodic oscillation growth coexistence mode. Although both the model (1.2) and model (3.1) have a
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Figure 8. (a) solution time series of the model (3.1) for ¢;; = 0.2; (b) Phase portraits
of the model (3.1) with five different initial values (8.2, 1.347), (8.1, 1.347), (8.4, 1.348),

(8,1.3475), (8.5,1.348).

ultimately converge to a single periodic solution.

from Table 4.
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Figure 9. (a) solution time series of the model (3.1) for m;; = 0.05; (b) Phase portraits
of the model (3.1) with five different initial values (7.95,1.34), (7.95,1.342), (7.9, 1.343),

(7.7,1.341), (7.8,1.342).

ultimately converge to a single periodic solution.

from Table 4.

Solution trajectories stemming from diverse initial conditions
The values of other parameters are

steady state periodic oscillation persistent survival state, the model (3.4) is induced by seasonal
periodic disturbances, which is more in line with the natural laws of the field. Therefore, relatively
speaking, the model (3.1) is more suitable for application in field data monitoring.
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5. Conclusions

In the paper, on the one hand, an autonomous predator-prey model with nonlinear harvesting and
Beddington-DeAngelis functional response was proposed to explore the specific bifurcation dynamics
and population growth coexistence mode both theoretically and numerically. Mathematical theoretical
work not only has investigated the dissipation and persistence of the model (1.2) as well as the
existence and local stability of all equilibrium points, but also derived the threshold conditions for the
model (1.2) to exhibit transcritical bifurcation, saddle-node bifurcation, Hopf bifurcation, and
Bogdanov-Takens bifurcation. These research results were both the theoretical basis for subsequent
numerical simulations and the triggering mechanism for the formation of some growth coexistence
modes between predator and prey. The numerical simulation work not only verified the correctness
and feasibility of the theoretical derivation results, but also dynamically displayed the evolution
process of specific bifurcation dynamics behaviors. Thus, it was worth emphasizing from Figures 3-5
that as the per-capita reproduction @ values changed, the bifurcation dynamics of the model (1.2)
would undergo a fundamental change, which suggested that the evolutionary state of predator
population has gone through a gradual extinction state, a constant steady state existence state, and a
steady state periodic oscillation existence state, and the evolutionary state of prey population has gone
through a gradual extinction state or a gradual maximum survival state, a constant steady state
existence state, and a steady state periodic oscillation existence state. Meanwhile, it also needed to be
pointed out from Figure 6 that when the values of per-capita reproduction @ and the maximum
predation rate 4 would undergo slight changes simultaneously, the growth coexistence model of
predator and prey could switch back and forth between constant steady state and steady state
periodic oscillation.

On the other hand, we introduced the seasonal cyclical effects of some key ecological
environmental factors, and constructed a nonautonomous predator-prey model with nonlinear
harvesting and Beddington-DeAngelis functional response. The existence and attractiveness of
positive w periodic solutions in the model (3.1) were theoretically analyzed in detail, which indicated
that periodic perturbations of key parameters could induce the formation of the steady state periodic
oscillation growth coexistence mode between predator and prey. At the same time, it was clearly
known from Figures 7-9 that periodic perturbations of the prey’s fear effect, the per-capita
reproduction rate and prey harvesting could all drive the model (3.1) to have attractive positive
periodic solutions, which indicated that the seasonal cyclical effects of ecological environmental
factors could induce the formation of periodic oscillation growth coexistence mode in populations.

One innovation of this paper was the introduction of fear effect and nonlinear harvesting for prey
population in the modeling process, which not only could enhance the predator-prey model (1.2) as
more controllable and complex, but also could make it more suitable for exploring the dynamic
evolution trends of wild predatory ecosystems. Another innovation of this paper was the proposal of a
nonautonomous predator-prey model (3.1) to explore the impact of some key parameters with time
periodic disturbances, The research results indicated that time periodic disturbances could promote
the model (3.1) to have stable periodic solutions. Furthermore, it was worth emphasizing that the level
of fear effect, the harvest amount of prey population and the per-capita reproduction rate with
seasonal periodic disturbance could respectively lead to the formation of stable periodic oscillatory
growth coexistence mode between prey and predator.
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In summary, the research findings of this paper indicated that the values of some key ecological
environmental factors could promote the formation of different growth coexistence modes in
populations, and periodic disturbances of some key ecological environmental factors could induce the
formation of periodic oscillation growth coexistence modes in populations. Finally, it was our hope
that these results would contribute to the rapid development of research on the dynamic behaviors of
predator-prey ecological models.
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