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Abstract

Mathematical ecosystems play a crucial role in our comprehension and conservation
of ecology. Within these ecosystems, prey exhibits protective instincts that compel
refuging behaviors to avoid predation risk. When the ratio of prey to predators falls
below a threshold, prey seeks refuge. However, when prey is abundant relative to
predators, these protective instincts are overridden as prey ventures out to forage.
Therefore, this study develops a Filippov prey—predator model with fear effect on prey
and switching of prey refuge behavior based on the ratio of prey to predators. Analytical
and numerical approaches are used to address the dynamic behaviors, bifurcation
sets, existence, and stability of various equilibria in this model. Additionally, the
regions of sliding and crossing segments are analyzed. The bifurcation sets of pseudo-
equilibrium and local and global sliding bifurcations are investigated. The numerical
simulations are conducted to investigate the interplay between fear factor and other
relevant parameters within the Filippov model, such as the threshold ratio and prey
refuge. These investigations shed light on the influence of them in the model. The
results indicate that increasing the fear factor results in a decrease in both prey and
predator densities, thereby changing the behavior of the dynamics from a limit cycle
oscillation to a stable state and vice versa. Notably, despite these population changes,
neither species faces complete extinction.
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1 Introduction

Ecology, in essence, encompasses the scientific exploration and aesthetic examination
of the intricate interplay between organisms and their environments. It encompasses
not only the organisms themselves but also the communities they form and the nonliv-
ing constituents of their environment, all engaged in dynamic interactions. Throughout
history, the relationship between predators and their prey has held a prominent position
within the realm of ecology and mathematical ecology, owing to its universal signif-
icance [1-3]. The interaction between these two entities serves as a pivotal aspect of
population dynamics.

In nearly all vertebrates, the perception of predation risk triggers a range of anti-
predator responses, such as physiological adaptations, foraging behaviors, changes
in habitat usage, and vigilance [4—11]. For instance, birds may abandon their nests
and leave their young unprotected when they sense danger, leading to a temporary
increase in survival probability but potentially causing long-term consequences for the
population [4]. In 2011, Zanette et al. [12] performed a field experiment where they
manipulated predation risk in song sparrow populations by playing predator sounds
near some nesting sites but not others. The researchers ensured that the direct killing of
sparrows was prevented so that any effects were solely from fear. They found that the
perceived threat of predators, even without direct attacks, led song sparrow females
to produce 40% fewer offspring. Specifically, fearful females laid fewer eggs, had
lower hatching rates, and had more baby sparrow deaths in the nests. Scared parent
birds fed their young less, resulting in weaker and more vulnerable baby birds. This
dramatic effect on demography has been supported by correlational evidence in other
hares, birds, dugongs, snowshoe and elk [13—17]. Mathematically, Wang et al. [18]
delved into the intriguing role of fear in predator—prey relationships. They crafted
a model where fear was represented as a decreasing function of fear parameter and
predator biomass. Their analysis revealed that intense fear can stabilize the predator—
prey system by eliminating recurring patterns, while low fear levels can cause periodic
oscillations through a phenomenon called subcritical Hopf bifurcations, leading to
dual stability. This pioneering work has inspired further research into fear’s role in
various ecological systems [19-21]. Thanks to these previous works, we introduce the
following model

dx rx(®) ( o @) _ rx()y@®
oar T L+oy(t) k& ax(t) + By + vy’
P vy puroyo .

_ _s
i~ o+ oy O

where x(¢) denotes the prey population at time ¢+ > 0 and y(¢) denotes the predator
population attime # > 0.r > 0is the intrinsic growth rate of the prey, ¢ > O represents
the degree of fear level induced by predator, k£ > 0 is the carrying capacity of the prey,
@ > 0 is the maximum predation rate, « > 0 is the abundance of prey, 8 > 0 be
interference of predator, y > 0 is the saturation constant for Beddington—DeAngelis
(BD) type functional response [22-25], n € (0, 1] denotes the conversion predator
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rate and 6 > O is the death rate of predator. While the expression Trgy@ represents

the cost assoc':iated with anti-predator defence triggered by fear and % is
the BD functional response [22, 23].

The fear-induced refuge is a captivating and vital element acquired by prey popula-
tions within an ecological community, exerting a profound influence on the dynamics
of food web systems and playing a pivotal role in maintaining the delicate ecological
balance between prey and predator. The significance of refuge was initially demon-
strated by Gause [26] through his experiments involving the protozoan organisms
Paramecium and Didinium. Recent years have seen numerous researchers delve into
mathematical models that incorporate the impact of prey refuge [27-30]. Wang et al.
[31] conducted a comprehensive investigation, both analytically and numerically, to
explore the impacts of anti-predator behavior arising from fear of predators and prey
refuge. Prey refuges typically come in two forms: either the amount of refuge scales
with prey population size, or there is a fixed maximum capacity [31-37]. For our
model, we consider the first type, specifically, if m (where 0 < m < 1) represents the
fixed maximum refuge availability for prey. Then model (1) can be written to include

this as:

dx ( 1 x(t)) u(l —m)x(t)y(r)
— =) —— =) - —ox(0),
Fs,(x, y) : dt L+ oy@) k a(l —m)x() + By@) +y )
PV ay  qu =m0y

dt — a(l—m)x@)+ By@t) +y —8y(0),

where v is the migration rate of prey due to fear of predator risk [38].

In these models, the response of prey to fear is a focal point. When prey experiences
fear, it elicits various reactions, including seeking refuge or potentially migrating,
even in the presence of relatively mild fear. However, this response is not constant;
the prey’s inclination to seek refuge is triggered predominantly when the fear factor
reaches significant levels. For instance, in the case of elk, they exhibit this behavior
by seeking refuge in forest cover when wolf packs are numerous. Conversely, when
wolf populations decline, they tend to forage more openly in grasslands [39-41].
These patterns are underpinned by the innate protective instincts of prey, which play
a crucial role in mitigating predation risks. When the prey-to-predator ratio is low,
these protective instincts drive prey to employ refuge-seeking as a defensive strategy.
Conversely, in situations with a high prey-to-predator ratio, these instincts stimulate
active foraging behavior among prey. Inspired by this motivation, we present a Filippov
model for predator—prey interactions, incorporating the influence of fear on prey and

switching of prey refuge upon the prey-to-predator ratio, denoted as )y—‘ It is assumed
that prey seek refuge when the ratio falls below a certain threshold, that is ;—C < ¢.
However, if the ratio exceeds the threshold, refuge utilization is forbidden, that is
% < ¢. By elucidating these dynamics and highlighting the importance of fear and
refuge effects, our research aims to contribute to the broader understanding of the
complexities involved in prey-predator interactions within Filippov systems [35, 36,

42-46]. We consider the following Filippov system:
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oo | Fs(x,y),  (x,y)€ Si,
X(t)_{Fs;(x,y), (x,y)€ S7, 3)

where
1 x(1) ux()y()
Fg, (x, y) = rx(t) <_l+rpy(_t) - T) T ax(D+HBY (DT (4)
A nux@)y@) 8y(1) ’
ax(+py+y %Y

1 x(1) u(l—m)x(#)y(t)
Fs,(x,y) = rx(® (W - T) ~ a-mxopory 0 Q)
23 nu(l=m)x(1)y(t) -5 (t) :
a—mxn+pynty — %Y

Si ={X e RZ|B(x) > 0}, $ = {X € R%|B(x) < 0}

and T = {X e R2| B(X) = 0}, with B(X) = x — ¢y.

The non-intersecting areas S; and Sy are partitioned by a switching line ¥ in such a way
that S{UXUS, = Ri. By scrutinizing these underlying assumptions and investigating
the dynamics inherent in our proposed model, our objective is to elucidate the complex
interplay between various parameters on the dynamics of predator—prey relationships.
This endeavor represents a significant contribution to the comprehension of ecological
systems. Furthermore, we will explore the impact of altering parameter values, such
as the fear factor, prey refuge availability, and the ratio threshold, on the behavior of
the Filippov model (3), elucidating how these changes can potentially shift the model
between stable and unstable states, or vice versa.

The subsequent sections of this paper are structured as follows. In Sect. 2, we delve
into the analysis of the dynamics of the Filippov subsystems, and we also examine
the local stability of the equilibria. Section3 is dedicated to investigating the sliding
region and the sliding mode dynamics on the discontinuity surface . For a compre-
hensive understanding for the Filippov model, local and global sliding bifurcations
are investigated through numerical simulations in Sect.4. Finally in the last section,
we present our concluding remarks.

2 Basic properties and dynamics of the subsystems S, S>

In this section, we examine the equilibria of the system (3) and identify the parameter
values that guarantee the stability of the subsystems. It is evident that system (3)
possesses two distinct structures, one without a refuge (4) and another with a refuge
that provides protection for the prey (5). An equilibrium E of system (3) that satisfies
Fs, (E) = 0,B(E) > O or Fs,(E) = 0, B(E) < 0 is called a regular equilibrium
[47, 48]. Moreover, it is called virtual equilibrium if Fg, (E) = 0, B(E) < 0 or
Fs,(E) =0, B(E) > 0.
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2.1 Dynamics of the subsystem S,

The equilibria of subsystem S; (4) can be expressed by solving the following equa-
tions:

( 1 x(t)> ux(t)y(t)
rx(t) | ——— === ) = =
I+ oy(@) k ax(t) + By() +vy

nux@y@) 5y(t) = 0.
ax(t) + By() +y

(6)

then we see that the system has the following equilibria:

(a) The trivial equilibrium EY, (0, 0).

(b) The axil equilibrium E él (k, 0) and always regular.

(c) The interior equilibria are the intersection points of the system (6) in the interior
of the first quadrant. So, from the second equation of (6), we get:

k _x§1 8 y
s, —E(Tlﬂ—a )—E-

Moreover, from the first equation of (6), we have

1 x5, Kys,
rf—m—————| = —————"—-—,
L+oys,  k axg + By, +v
then

Po(y3)* + Piys + P, =0,

—P £ ,/P2—4PyP,

Vi = p , ©

where Py = (r,8x§1 +kwp, P = rx;fl (/3 + <p(otx§1 + )/)) —k(rB—p), P, =
—rk — xf;l)(ozx; + ¥). So, the interior equilibria of the system (6) are the inter-
section points of the following two nullclines.

*

Xs 4
Vs, = ﬂ—a‘(nu —ad) — 5 ®)

. —Pi+ Pl —4PP
Vs, = P : )

We take the positive square root in the Eq. (7), because P12 — Py P, is nonnegative,
and if we take the negative root then y§l < 0, and hence any branch in the positive
quadrant does not appear. The first nullcline (8) is a line and it lies on the first
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quadrant of the x — y plane for nu — a8 > 0. The second nullcline (9) intersects
18—+ CE— Py

2up ’
Therefore we conclude that there is a unique interior point in the first quadrant if
k > k*, where k* = y8/(nu—ad). Moreover, itis regular if { (nu —a8) > B3 and
x§1 > m Moreover, there are not any interior points in the first quadrant
if k < k*. This suggests that a low carrying capacity k for the prey population may
result in the extinction of the predator species.

the positive x —axis at (k, 0) and positive y—axis at (0,

Examining the Jacobian matrix at all the equilibria yields straightforward results:

Theorem 1 1. The trivial equilibrium Egl is a saddle node.

2. The axil equilibrium E§1 is stable node if k(nu — a8) < y & and it is saddle node

fk(mu — ad) > yé.
3. The interior equilibrium E§1 is locally stable (unstable) if trac(JEzl) <

0(trac(JE§1 ) > 0).

Proof The Jacobian matrix of subsystem S; (4) can be written as

—2rx __my(By+y) r ( waxty) , __re )
— k (ax+By+y)?  l+oy (@x+By+y)? * (I+¢y)? 1
J . (10)
nuy(By+y) —5+ nux(ex+y)
(ax+By+y)? (ax+By+y)?

1. The eigenvalues of the subsystem S (4) evaluated at E(S)1 equal Ay = r > 0 and

A = —6 < 0. Therefore it is a saddle node.
2. The eigenvalues of the subsystem S (4) evaluated at £ él equal Ay = —r < 0
and Ay = —8 + L5 Therefore, if k(ni — a8) < y8, then Ay < 0. That means

ak+y
the axil equilibrium E él is stable. On the other hand, if k(nu — ad) > y4, then
A2 > 0. Therefore, the equilibrium E él is saddle node.
3. Let H(x,y) = xh(x, y) and G(x, y) = yg(x, y) where

x 1y
(1)
g, y) = — I s

’ ax+ By +y

Then we can write the Jacobian matrix (10) as
H, H xhy xhy
J * = x Y = x Y . 12
g <Gx Gy) (ygx ygy> 1
dy®

) . .
If % and =5 refer to the gradients of the tangents of the two nullclines (11) at
the interior equilibrium E *1, then using implicit function theorem we get

det(] _ N dy®  dy®
e )= | ohe T~ )|
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X x(t)
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Fig. 1 Phase portraits of the subsystem S (4) with different values of «: ao = 18, b = 25, c @ = 27.6.
Blue curves refer to prey nullcline and pink lines refer to predator nullcline. Black dot denotes E 21 , green

dot denotes Eél , yellow dot denotes E;l and the other parametersare k = 7,r = 1,9 =23, u=2,8 =
2,y =3,7n=0.7,and § = 0.05

At the interior, the Jacobian matrix can assume one of two possibilities for its sign:

- *
(+_)a thax<xS1’

sign(Jgs ) =19 ), _
*
<+ _), X > X5

where xj,,.. is the maximum of the curve A(x, y). In the first case, we have

det(JE§ ) > 0 and trac(JE§ ) < 0, then the interior equilibrium Egil is locally
1 1

asymptotically stable. In the second scenario, the slope of the tangent to the

first nullcline is steeper than that of the tangent to the second nullcline, i.e.

() ®) .
dilx < d[ybj . That means det(J E} ) > 0. Therefore, E§1 is locally stable (unsta-
1

ble) if trac(JE§l) < O(trac(JEgl) > 0).

O

Here, we present numerical examples to demonstrate our previously discussed
results. The parameters are settok =7, r = 1,9 =23, u=2,6=2,y =3,n =
0.7, and § = 0.05, while « is varied. It is important to mention that the majority of
the parameter values used in our study were derived from previous works such as [9,
18, 31]. While the remaining system parameters are assumed. In the first scenario,
with o = 18, the subsystem S; has one interior equilibrium E *1, along with the trivial
and axial equilibria. According to Theorem 1, it is unstable because xj;l < Xhy,, and
the trac(JE§l) > 0 as shown in Fig. la. In the second scenario, with ¢ = 25, the

subsystem S; has three equilibria and x§1 > Xp,...» making it stable as seen in Fig. 1b.
Finally, with ¢ = 27.6, the subsystem S7 only has the trivial (unstable) and axial
(stable) equilibria, as seen in Fig. lc.

The bifurcation diagram for subsystem S| can be seen in Fig. 2 using the XPPAUT
software [49]. This diagram provides an understanding of changes in stability of fixed
points as the parameter « varies, offering valuable insight into the behavior of systems
undergoing these transitions. In the diagram, unstable equilibria are represented by
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Fig.2 Bifurcation diagram of 8
the subsystem S with «. Black
line: unstable equilibria; red
line: stable equilibria; green
circles: stable limit cycle. HB1
and HB2 are Hopf bifurcation
points and TB is transcritical
bifurcation point

35 40

black lines and stable equilibria by red lines, while stable limit cycles are shown
as green filled circles. As « increases, three equilibria appear in the model (4): Egl

(unstable), E él (unstable) and E§1 (stable). With further increase in «, the interior
equilibrium E;l becomes unstable, when « passes through the Hopf bifurcation point
HB1 and a stable periodic solution emerges. However, this E§1 turns into be stable
again as « crosses the Hopf bifurcation point HB2. With the continuation of increasing
«, the interior equilibrium £ §1 vanishes and the axial equilibrium £ 3?1 becomes stable

through a transcritical bifurcation (TB) at k7 p = Myfa 3

To better understand the overall behavior of the subsystem S, a bifurcation diagram
with two parameters (¢, ¢) has been generated and presented in Fig.3 by using the
XPPAUT software [49]. The red and black curves in the figure correspond to the Hopf
and transcritical bifurcation curves, respectively. The equilibrium point £ ;1 is stable
in the gray region of the diagram and unstable in the blue region, while both the trivial
and axial equilibria Egl and £ ;1 are unstable. When the value of « passes through
arp = 27.57, atranscritical bifurcation occurs and the interior equilibrium disappears
in the pink area, while the axial equilibrium becomes stable.

2.2 Dynamics of the subsystem S,

Similarly, the equilibria of subsystem S, (5) can be expressed as follows:

rx (1) <; — ﬂ) _ p(d —m)x (1) y()
L+ oy() k a(l —m)x(t) + By(r) +y
nu(l —m)x (@) y(r) B
a@—mx+pyn+y OO

—vx(t) =0,

then the subsystem S> (5) has the following equilibria
(a) The trivial equilibrium EY, (0, 0).

(b) The axil equilibrium E ;2(@, 0) with r > v and always virtual.
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40

35

30 |-

0 5 10 15 20 25 30 35 40
[e]

Fig.3 Bifurcation diagram of the subsystem S in the plane («, ¢) with fixed parametersk = 7,r = 1, u =
2,=2,y=3,1=0.7,and § = 0.05

(c) As we did for the subsystem S (4), the interior equilibrium for the subsystem S,
(5) can be determined as E ;2 (x;iz, ygiz) where

* (1 B *
Vs, = 55 (rm —ad)xg, — % (13)
Q0(y$,)* + Q1y%, + 02 =0,
—01+,/07 4000,
Vs, = 200 (14)

where Q¢ = (r,Bx’b'i2 +k(1—m)u+kpv)p, Q1 = (p(rx§2 +kv)(a(l — m)x§2 +
y)—rBk—xg)+k((1—m)pu+pv), Q2 = (kv —r(k —xg,))(axg, +y). Thus a
unique interior point exists in the first quadrant if k (1 — —) (1—m)(nu—ad) > y$§

and it is regular if {(nu — ad)(1 — m) < B8 and sz WM

Analogously to Theorem 1, there is another result that follows, whose proof will
be omitted.

Theorem 2 1. The trivial equilibrium Egz is a saddle node if r > v.

2. The axil equilibrium Egz is stable node if k(1 — m)(r —v)(nu — ad) < ryéd.
Moreover, it is saddle node if k(1 — m)(r —v)(nu — ad) > ryd.

3. The interior equilibrium Eg‘.z is locally stable (unstable) if trac(JEgz) <
0(trac(]E§2) > 0).

A bifurcation diagram for subsystem S5 (5), generated using XPPAUT, is presented

in Fig.4. This diagram showcases variations in two parameters, namely (o, ¢). A
noteworthy observation, when comparing Figs. 4 to 3, is the expansion of the stability
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1 L L
0 5 10 15 20 25 30 35 40
(&%

Fig.4 Bifurcation diagram of the subsystem S in the plane («, ¢) with fixed parametersk = 7,r = 1, u =
2,6=2,y=3,n=0.7,§ =0.05,m = 0.2 and v = 0.05

region surrounding the interior equilibrium. Additionally, the figure highlights the
occurrence of a transcritical bifurcation at the critical value of app = 27.44.

3 Sliding regions and sliding mode dynamics on the discontinuity
surface 2

Although the right-hand side of (3) is undefined on the switching plane X, a unique
solution can still be obtained using Filippov’s convex method [47, 48]. To investigate
the dynamics of system (3) on the switching plane X, it is crucial to analyze the
existence of sliding regions and the sliding mode dynamics inherent in the Filippov
model (3).

Assume that

o (X) = (VB(X), F5,(X)){(VB(X), Fs, (X)), 15)

where (-, -) represents the scalar product. The sliding segments ©5 and crossing
segments >€ on the discontinuity surface X are exist if o(X) < 0,0(X) > O,
respectively. The sliding mode domain X5 can be characterized as the union of the
following two regions:

e Attractingregionif £5 = {X € =5 [(VB(X), Fs,(X)) < 0and(VB(X), Fs,(X)) >
0}.

° RepulsiveregionifES ={X € =5 (VB(X), Fs, (X)) > 0and (VB(X), Fs,(X)) <
0}.
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To identify the sliding regions, we assume

o(X) = 01(X)02(X) = (G(y) = G5, (MG (y) — G5, (), (16)
where
o1(X) = G(y) = Gs; (),
02(X) = G(y) — G5, (y),
and

1
G(y) = m( - §—y)

14+ ¢y k
o pgy? B
Gs (y) = m(l +n¢) —¢dy, (17)
 pl=m)gy?
Gs,(y) = ol _m)g_y+ﬂy+y(1+§n)+v§ —{8y).

Since there are two types of sliding mode domain %5 which are defined as % i, % ;3,
then the Filippov system (3) has attracting region if o1(X) < 0,02(X) > 0 i.e.
Gs,(y) < G(y) < Gg,(y), and it has repulsive region if 01(X) > 0, 02(X) < O i.e.
Gs5(y) <G(y) <G5, (»).
The endpoints of attracting and repulsive sliding segments are called tangent points
of subsystem S7 and S and they are given as the following:

o The tangent point of subsystems Sy is given as Eg = (X € 7 |o1(X) = 0},

e The tangent point of subsystems Sy is given as EST2 ={X € 2% |or(X) = 0}.

As we are unable to solve the two algebra inequalities analytically, we can get the
solution numerically. The refuge parameter m is chosen as the bifurcation parameter,
while other parameters are fixedr = 1,9 = 2.3,k =3.6,u =2, = 3.0937, 8 =
2,y =3,1n=0.385v=0.17,§ = 0.05,¢ = 0.5. As a result, we have three cases
as follows:

Case 1: when m = 0.2, then the Filippov system has one attracting sliding region
given as:

2= eX¥|E] <y <EL}
and two crossing region sets given as the following:

X ={exCl0<y<EL}

chz{yeEclEgz<y<oo},
as shown in Fig. Sa.
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o o
Gol) () (b) Gs,(y) (c)

Gs.y)

L 01 N v
\ G(y), Gly), 5

G, (y) G, (y)

o 02 o4 o5 08 1 1z 14 18 18 2 y s 1 12
y(t) ylt)

Fig.5 Visualizing the presence of sliding and crossing regions for the Filippov system (3)

Case 2: whenm = 0.5958, then the Filippov system does not have attracting regions
and has two crossing regions, which are defined as:

2§ ={yex0<y<EL}

Ef:{yeEC|E§<y<oo},

as shown in Fig. 5b.
Case 3: if m = 0.9, then the Filippov system has one repulsive region given as:

TR={ye X% |E{, <y < E{},
and two crossing region sets given as the following:

Escz{yeEC|O<y<E§2},

Eﬁcz{yeEclE§|<y<oo},

as shown in Fig. Sc.

Filippov’s convex method [47, 50] suggests extending the system’s vector field by
defining the sliding vector field F5(X) on 5. This can be achieved by combining the
two vector fields through the following:

Fys(X) = (1 —as(X)) Fs, (X) + as(X) Fs, (X), (13)
where
_ (VB(X), F5,(X))
as(X) = .
(VB(X), Fs,(X) — Fs,(X))
Therefore,

A
as(X) = 2.
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where,

1 X nxy
A=rx - -—F—F—0+ +¢éy,
(1+(py k) ax+ﬂy+y( ne)+ Loy

_ muxy((1 —a)x — By —y)
a(l—m)x+By+vy

(I+n&) +vx.

Hence, the sliding mode differential equation can be written as:

—¢Cy
(g:;f) _ (k(y¢+1)(a2mvx2+m<y+ﬁy>(a_vg;ry(nw+m>—v<y+ax+ﬁy)2)) = Fys(X),

dt k(y¢+1) (a?mvx?+m(y+By)(avx+y(nuy+u)—v(y+ax+pBy)?)

19)

where, x =y, y € >S5 and

C = numrx*(yp + D(y + By) — kv(yp + D(y + ax + By)(S(y + ax + By) — nux)
+km (X(OW(VS + adx — nux) — ynur) +8y> (yud + Blu + avw)))

+km (y(yt?u — Bnurx + aBdvx + avxe(yd + adx — nux)) + ,38,uy3¢> .

As known, Filippov systems have various types of equilibria, including regular (or
virtual) equilibria, tangent points, boundary equilibria, and pseudo equilibria [48].
Until now, we have discussed the first two types and we will investigate the existence
of the others. An equilibrium point EZ (¢ y*, y*) that satisfies F' 5.5 (X) = Oandlies on
the sliding mode £ is called a pseudo equilibrium of the Filippov system (3) [48]. The
point E € ¥ is a called singular sliding point if (VB(E), Fs, (E)—Fs,(E)) = 0[48].

Define

() = (Ay* + A2y’ + A3y + Agy + As)y =0, (20)
where

Ay =B pmpure,
Az = BEPnmur — vk + Bk(@vds (m — 2)(ven + Sm)p)e
+ 62 (@vk(m — 1)(ad — nu) + nympur)e,
Az = —,32\18k + gz(avk(m — D(aé —nu) + nymur) + yk(avés(m — 2)
+ Bk(avdg(m —2) + vinu + (Win + dm)w)e + Smu — nmur — 2v8y @),
Ag = yk(=2Bv8 + avdt(m —2) +vinu + dmu — {nmur — véy ),
As = —v8y2k.
We seek to find all roots of g(y) = 0. Obviously, y = 0 is one of the roots of

g(y) = 0. To get the other roots of (20), we assume that €] = ﬁ—f, € = ﬁ—f, €3 = 2—‘1‘,

and €4 = ﬁ—f, thus Eq. (20) can be written as
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g =y +ey’ +eay’ +ey+e=0. @1
Based on the findings in [51], the following lemma holds.

Lemma 1 For equation (21), we have the followings:

1. Ifea < 0, equation (21) has at least one positive root
2. If ¢4 > 0, equation (21) has no positive root if one of the following conditions
holds:

(a) A>0andy1 <0;
(b) A=0andy; <0;
(c) A <0andy3 <0,

8er— 361)3 derer— 863 61 )2

where A = ( + ( and y! = max (y}, y5,y3),i =1,2,3
and y} are the real roots of g’ (y) =4y3 +3¢1y? + 262y + €3.

3. If ea > 0, equation (21) has one positive root if one of the following conditions
holds:

(@ A >0,y >0andg(y;) <0;
(b) A=0,y; >0and g(y;) <0,
() A <0,y3>0andg(y;) <O.

According to the above lemma then the sliding vector filed Fys(X) has at least one
positive equilibrium and it is pseudo equilibrium if y* € %5,

By using the Routh-Hurwitz stability criterion, the pseudo equilibrium E” is stable
ife; > 0,62 > 0,e3 > 0, and 3€1€r > 2e3.

On the other hand, the equilibrium EZ of (19) is called a boundary equilibrium
if Fg,(E B ) = 0,i = 1,2 [48]. Clearly, the trivial equilibrium (0, 0) is a boundary
equilibrium and always exists.

To highlight the significance of the critical threshold ¢ in the Filippov system (3)
and its equilibria, a bifurcation diagram is presented in Fig. 6. The diagram shows the
existence of pseudo-equilibria, boundary equilibria, and tangent points with respect to
the threshold ¢. The green and blue curves represent the tangent points of subsystems
S1 and Sy, respectively, while the brown lines refer to the interior equilibria of the two
subsystems S7 and S». The black curve represents the roots of Eq. (21) (i.e. g1 (y) = 0).
The diagram reveals that the sliding segment 5 decreases as the threshold ¢ increases
and is bounded by the two tangent curves Egl and EST2 Additionally, the boundary

equilibrium E 52 appears when the interior equilibrium E ;2 intersects with the curve

g1(y) = 0 at ¢ = 0.23, leading to the appearance of the pseudo-equilibrium y”
the sliding mode. As the threshold ¢ increases further, the boundary equilibrium E 51
manifests at { = 0.62, when the interior equilibrium EF intersects with the curve
21(y) = 0, and the pseudo-equilibrium y” disappears.

For further investigations about the existence of these equilibria of the Filippov
system (3), we employ the bifurcation diagram of them in the (¢, @) plane in Fig.7. In
this figure, we see that the interior equilibria being regular or virtual are determined
by their position relative to the boundary curves E g , (i = 1,2). We observe that
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Fig. 6 Bifurcation diagram of Filippov system’s (3) equilibria with respect to ¢. The other parameters are
r=Lk=7¢=3,nu=2,a=1,=2,y=3,n=0.7,v=0.05,6§ =0.05,m = 0.7

30 . . . .
E%, does not exist
E¢ does not _exist
251
Eg, is regular
PR
w0 s, s virtual Eg and EY, are virtual 7
3 15F
Egl EP exists
10 :
E5 is virtual
1
sk ]
E%, is regular
0 . . . .
0 0.2 0.4 0.6 0.8 1 1.2 14 16 18 2

Fig.7 Sliding mode bifurcation of the Filippov system (3) in the plane (¢, o)

the equilibrium E§| is regular above the boundary curve E 51 and virtual below it.
On the other hand, the equilibrium E ;2 is regular below the boundary curve E gz and
virtual above it and it does not exist for « > 26.497. However, when both equilibria

are virtual, the pseudo equilibrium appears between the two boundary curves E g_ ,
i=1,2).
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4 Numerical simulation

In this section, we present a numerical simulation to study the different types of
bifurcation that can exhibit for the Filippov system (3). To perform the numerical
simulations, we carefully selected values for the attributes in the suggested systems.
Many of the system parameters were obtained from reputable sources, specifically
referenced in our study as [9, 18, 31]. These sources provided established values that
are widely accepted in the field. Due to the importance of parameters ¢, m and ¢ which
represent the rate of fear, the constant rate of refuge, and the density rate of the prey
and predator, we will choose them as the bifurcation parameters, and fixed all the other
parameters.

4.1 Local sliding bifurcation of Filippov system (3)

The local sliding bifurcation is a result of the collision of many equilibria at the
discontinuity surface when one parameter hits a critical value [48]. The Filippov
system (3) has three types of local bifurcations which are given as the following.

4.1.1 Boundary node and boundary focus bifurcations

The Filippov system (3) undergoes boundary node bifurcation when ¢ is chosen as the
bifurcation parameter while fixing all other parametersasr = 1,k =10, u =2, 0 =
5,=2,y=3,n=0.7,v=0.05,5 = 0.05,m = 0.51, ¢ = 0.3. The closed circle
means that the equilibrium is regular while the open circle means that the equilibrium
is virtual. When ¢ = 0.6, the Filippov system has regular stable node E;’i2 and the

tangent point Egz is visible as shown in Fig. 8a. If ¢ = 0.842747, then the equilibrium
E§2, E st and the pseudo equilibrium E¥ collect together at the boundary as seen in

Fig. 8b. While when ¢ = 1.6, the E ;2 convert to virtual and E ¥ is a visible and stable
node as shown in Fig. 8c. Furthermore if we continue increasing ¢ the boundary focus
bifurcation occurs as shown in Figs. 8d—f. When ¢ = 4, we observe that E P becomes
a visible and stable node. While when ¢ = 4.73537, then the E P and a visible tangent
point EST1 collect together at the boundary and the equilibrium E§1 is invisible. If
@ = 6, then the Filippov system has regular stable focus E;l and the tangent point

El is visible.
1
4.1.2 Collisions of two invisible tangencies bifurcation

The collisions of two invisible tangencies bifurcation is one of the double tangency
bifurcations and it occurs when the quadratic tangent points ESTl and Egz delimit a
single sliding segment [48]. This segment converts from an attractive sliding segment
to a repulsive sliding segment when the bifurcation parameter changes. Moreover, the
attractive sliding segment contains a pseudo-node E’, and a repulsive sliding segment
contains an unstable pseudo. The Filippov system (3) has two invisible tangencies
bifurcation if we choose m as the bifurcation parameter and fixed all other parameters
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" 2(t)

(b) ¢ = 0.842747. (c) ¢ = L6.

o o1 02 03 04 05 01 02 03 04 05 3 01 02 03 04
alt) (t) (t)

(d) ¢ =4. (e) ¢ = 4.73537. (f) ¢ =6.

Fig. 8 Boundary bifurcation for the Filippov system (3) withr = 1,k =10, u =2, =5, =2,y =
3,n=0.7,v=0.05,m =0.51,6 =0.05,¢ = 0.3

s 05 1 £
a(t) a(t) z(t)

(a) m=0.4 (b) m = 0.66728 (¢) m=0.8

Fig. 9 Collisions of two invisible tangencies bifurcation for the Filippov system (3) with r = 1,k =
56, =3, u=2,a0a=3.0937,=2,y =3,n=0.358,v=0.05,§ =0.17, £ = 0.8

asr = 1,k =56, =3, 0 =204 =3.037,8=2,y =3,n=0358v =
0.05,8 = 0.17,¢ = 0.8, as shown in Fig.9. When m = 0.4, the Filippov system
(3) has a repulsive sliding segment with unstable pseudo equilibrium E”. While if
m = 0.66728, the tangent points E , Eg, and E” collect together and become a
singular point [48], as seen in Fig.9b. If m = 0.8, then the Filippov system (3) has
attractive sliding segment with stable node pseudo equilibrium E*.

@ Springer



90 S.A. A.Hamdallah and A.A. Arafa
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(a) m =0.65 (b) m = 0.7051 (¢) m=0.71

Fig. 10 Touching bifurcation for the Filippov system (3) withr = 1,k =10, 9 =2, u =2, = 1,8 =
0.00l,y =1,n=0.7,v=0.05,§ =0.05,¢ =1

4.2 Global sliding bifurcation

In this section, we investigate the global sliding bifurcations which result from periodic
solutions of the Filippov system (3) with the discontinuity surface including sliding
and crossing regions. The bifurcation diagram 3 and 4 of subsystems S; and S»,
respectively, shows that the Filippov model (3) has standard periodic solutions. Due
to existing of discontinuity surface in the Filippov systems, our model (3) may have
other kinds of periodic solutions which lie in S7 or (and) S; including the pieces of
sliding or crossing segments.

4.2.1 Touching bifurcations

The touching sliding bifurcation takes place when a limit cycle comes into contact
with the boundary of the sliding segment at a critical value of the bifurcation parameter
[48]. The Filippov system (3) has touching bifurcation as shown in Fig. 10 where we
choose m as the bifurcation parameter and the other parameters are fixed. At the critical
value of the bifurcation parameter, m* = 0.7051, the Filippov system exhibits a limit
cycle that touches a tangent point, as seen in Fig. 10b. While if m > m™, then the limit
cycle lies entirely in regions S7, and the limit cycle has piece of the sliding segment
when m < m*.

4.2.2 Buckling bifurcations

Figure 11 illustrates that the Filippov system (3) has buckling bifurcations when we
choose ¢ as the bifurcation and fixed all other parameters as r = 1,k = 10,¢ =
2,u=2,0a=1,=0.001,y =1,n=0.7,8 = 0.05,m = 0.3, v = 0.05. At the
critical value ¢ = 0.35, the Filippov system has a limit cycle with a full piece of the
sliding segment, as depicted in Fig. 11b. While for { = 0.28, the limit cycle has a
piece of the sliding segment, as shown in Fig. 11a. While the Filippov system (3) has
a sliding crossing limit cycle when ¢ = 0.5, as seen in Fig. 11c.
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1(t) a(t) ) a(t)
(a) ¢ =0.28 (b) ¢ =0.35 (¢) ¢=0.5
Fig. 11 Buckling bifurcation for the Filippov system (3)

o 005 o1 015 0z o 005 01 o1 0z o 005 01 015 0z
2(t) 2(t) 2(t)

(a) ¢ =0.27 (b) ¢ =0.3272 (c) ¢ =0.39

Fig. 12 Sliding crossing bifurcation for the Filippov system (3) withr = 1,k = 10,9 =2, 0 = 2,0 =
1, =0.001,y =1,n=0.7,v=0.05,§ =0.05,m = 0.2

4.2.3 Sliding crossing bifurcation

In Filippov systems, a sliding crossing bifurcation takes place when a stable crossing
limit cycle becomes tangent to the sliding segment at a single point [48]. The behavior
of the stable limit cycle depends on the value of the bifurcation parameter relative to
its critical value. When the parameter equals its critical value at the bifurcation point,
the stable limit cycle just touches the sliding segment tangentially. The stable limit
cycle includes a portion of the sliding segment for parameter values below the critical
value.

Therefore, if ¢ is used as the bifurcation parameter and ¢ has a critical value of
¢* = 0.3272, the Filippov system (3) has sliding crossing bifurcation as seen in
Fig.12. If ¢ > ¢*, then therefore the Filippov system (3) has a stable crossing limit
cycle as seen in Fig. 12c. When ¢ = ¢*, the stable crossing limit cycle passes through
a tangent point, as illustrated in Fig. 12b. If { < ¢*, the stable crossing limit cycle has
a piece of the sliding segment, as shown in Fig. 12a.
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Fig. 13 Bifurcation diagram of system (3) with the fear factor ¢. a The variation of x/y with ¢; b the
variation of x with ¢; ¢ the variation of y with ¢

4.3 Impact of fear factor on the Filippov model (3)

In this subsection, we present a bifurcation diagram exploring the dynamical changes
in the Filippov model (3). The fear factor ¢ is the parameter of interest, while other
parameters are held constantatr = 1,k = 10, u =2, 0 =4, =2,y =3,n =
0.7,v = 0.05,8 = 0.05,¢ = 0.33 and m = 0.5 (Fig. 13). The bifurcation diagram
depicts unstable equilibria as black lines and stable equilibria as red lines. Figure 13a
illustrates that for small values of ¢, the Filippov model (3) approaches the stable
equilibrium E *2, indicating that the prey find refuge. This behavior occurs because
the number of prey caught per predator is small, and the fear level is low. However,
as the fear factor increases, the number of prey caught per predator also increases.
With the further increase of ¢, the Filippov model (3) reaches the sliding segment £5,
where the number of caught prey per predator becomes fixed, with a ratio of £ = ¢.
Continuing to increase ¢, the Filippov model (3) approaches the unstable equilibrium
E§1’ indicating that the prey come out of their refuge to seek food, leading to an
increase in the number of prey caught per predator. Finally, as ¢ further increases, the
model approaches the stable equilibrium £ *1 , signifying a state where the prey and
predators coexist in a stable manner under the influence of fear. Upon examining the
Fig. 13b, c, it becomes evident that a rise in the fear factor leads to a decline in the
density of both species x and y. This decrease in prey density can be attributed to
the increase in fear levels, consequently causing a reduction in the predator’s density
as well. Nevertheless, it is essential to note that despite this decline in densities, the
interaction between the two species does not result in their complete annihilation.

To further explore the dynamics of the Filippov model (3), we have examined the
presence and stability regions of different equilibrium points within the { — ¢ plane.
These regions are depicted in Figs. 14 and 15, showcasing varying values of the prey
refuge parameter m, Fig. 14 corresponds to m = 0.1, and Fig. 15 to m = 0.5. The
threshold parameter ¢ spans from O to 2, while the fear factor varies between 0 and 15,
with the remaining parameter values outlined in Fig. 13. Different colors are employed
to delineate stability regions for distinct equilibrium points, maintaining consistency
in color representation across both figures. Moreover, phase portrait diagrams corre-
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Fig. 14 a Depiction of the existence and stability regions for various equilibrium points of the Filippov
model (3) within the (¢, ¢) plane, featuring a prey refuge value of m = 0.5. In region Ry: E§1 exhibits

regularity and stability, while E §2 is virtual, and E* is non-existent. Within region Ry: E §1 retains regularity
but becomes unstable, E§2 is virtual, and E P remains non-existent. Region R3 showcases both E§1 and
E§2 as virtual, with E P in existence and stable. Finally, in region Ry4: E§2 stands as regular and stable,

E§1 is virtual, and E¥ is absent. b—e Depiction of phase portraits for the Filippov model (3), illustrating
the bifurcation regions R;, i = 1, 2, 3, 4, across diverse combinations of ¢ and ¢ values
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Fig. 15 a Representation of existence and stability regions for various equilibrium points of the Filippov
model (3) in the (¢, ¢) plane, with a prey refuge value of m = 0.1. The descriptions for regions Ry, R,
R3, and R4 are the same as those in Fig. 14. In region R5, E P exists but is unstable, and both E S'il and E ;2

are virtual. In region Rg, E 3’32 is regular but unstable, £ §1 is virtual, and E¥ does not exist. b, ¢ Depiction
of phase portraits for the Filippov model (3), illustrating the bifurcation regions R5 and Rg, for various
combinations of ¢ and ¢ values

sponding to each region are thoughtfully included alongside their respective figures
for visual clarity.

In Fig. 14a, for the case when m = 0.5, the bifurcation diagram is divided into four
colored regions: R, R2, R3, and R4. Inregion Ry, the Filippov model (3) possesses a
stable equilibrium point E *1 , which is a regular point, while the equilibrium point £ ;2
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is a virtual point. The corresponding phase portrait for region R in Fig. 14b shows the
solution trajectories of the Filippov model (3) converge towards the stable equilibrium
E ;l . Therefore, the Filippov model (3) is stable in region R;. Moving on to region R»,
the Filippov model (3) has an unstable equilibrium point E *I , which is a regular point,
while the equilibrium point E§2 is virtual. The phase portrait for region R, reveals
that the solution trajectories of the Filippov model (3) has a limit cycle around the
coexisting equilibrium point E *1, as shown in Fig. 14c. In region R3, both interior
equilibria E;’il and E§2 are virtual, and there exists a pseudo equilibrium point E¥
that is stable. As seen in Fig. 14d, the trajectories starting from initial points converge
to the stable pseudo equilibrium E* on the x — y plane. Lastly, in region R4, the
Filippov model (3) has a stable equilibrium point E *2, which is a regular point, while
the equilibrium point E ;1 is virtual. Hence, the trajectories starting from various initial
points converge to the stable equilibrium £ *2, which lies on the $> region, as depicted

in Fig. 14e. It is worth noting that the axial equilibrium E ;1 exists in all regions, but

it is a saddle-node according to Theorem 1. Also, the pseudo equilibrium point E*
does not exist in the regions Ry, Ry and Ry.

Figure 15a in the plane (¢, ¢) shows the existence and stability regions, as well as
the corresponding phase diagram, when the value of the prey refuge m is reduced to
0.1. Comparing Figs. 14a and 15a, we observe that there is no change in the regions
R and R,. However, regions R3 and R4 have decreased. This suggests that reducing
the value of the prey refuge m leads to a reduction in the stability region for both
E;z and EP. Additionally, two new regions, Rs and Rg, emerge, as seen in Fig. 15a.
In region Rs, the Filippov model (3) has a stable limit cycle oscillation around the
unstable pseudo equilibrium E¥, while the interior equilibria E;iI and Ezi2 are virtual.
The phase portrait for region Rs in Fig. 15b shows that starting from various initial
points, the the Filippov model (3) has a limit cycle solution that oscillates around E”,
indicating instability in this region. In region Re, the Filippov model (3) also has a
stable limit cycle, but this time around the unstable equilibrium E;Z. The equilibrium

E;I is virtual, and E” does not exist in this region. Starting from initial points, the
solution of the Filippov model (3) demonstrates limit cycle oscillations around the
coexisting equilibrium E *2, as depicted in Fig. 15c. The phase portrait figures for
regions Ry, Ry, R3, and R4 are omitted since they are the same as in Fig. 14.

4.4 Impact of prey refuge on the Filippov model (3)

We still need to generate a bifurcation diagram to examine how the prey refuge m, in
combination with the fear factor ¢, influences the dynamics of prey x (¢) and predators
y(t) within the Filippov model (3). In Fig. 16, we present the bifurcation diagram
in the (¢, m) plane, considering two distinct threshold values, specifically ¢ = 0.5
(indicating that prey density is half that of the predators) and ¢ = 1 (indicating equal
prey and predator densities). Subsequently, Fig. 16 provides phase portraits that depict
each bifurcation region.

In the first scenario, where ¢ = 0.5, the transition between the two subsystems (4)
and (5) occurs when the predator density y becomes half that of the prey density x. In
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(b)

Fig. 16 Representation of existence and stability regions for various equilibrium points of the Filippov
model (3) in the (¢, m) plane, with different values of . a ¢ = 0.5, b ¢ = 1. The other parameters are
r=1k=10,u=2,0 =10,=2,y =3,7=0.7,v = 0.05,§ = 0.05. In region Ry, E§2 is regular
and unstable, while E;l is virtual, and E® is non-existent. Within region R, E§2 retains regularity but
becomes stable, E;l is virtual, and E? remains non-existent. Region R3 showcases both E;l and Esfz as
virtual, with £ P in existence and stable. In region Rq: E P exists and stable, £ §] is virtual, E §2 is absent. In
region Rs, EP exists and unstable and both E§1 and Eziz are virtual. In region Rg: E§1 exhibits regularity
and stability, while E 352 is virtual, and E? is non-existent. In region R7, E 351 exhibits regularity and stability,
while both E fg and EP are non-existent. The phase diagrams illustrating the bifurcation regions R; — R7
are depicted in Fig. 17

region R of Fig. 16a, as the refuge level m increases, the prey density x rises along with
a corresponding increase in predator density y. However, this increase in both densities
causes the prey to predator ratio to remain less than 0.5. Consequently, the Filippov
model (3) oscillates around the unstable equilibrium E *2, as evident when m = 0.1
and ¢ = 1 in Fig. 17a. As the prey refuge m continues to increase, the previously
unstable equilibrium £ becomes stable within region R;. Thus, the Filippov model
(3) tends toward the stable equilibrium £ *2, as shown in Fig. 17b for m = 0.5 and
¢ = 1. As the prey refuge m continues to increase, the prey density increases to half
that of the predators. Consequently, the Filippov model (3) approaches the threshold
and gravitates toward the stable equilibrium E” in region R3, as illustrated in Fig. 17¢
for m = 0.8 and ¢ = 1. In this case, solution trajectories converge to the pseudo
equilibrium E on the x — y plane. In region Rs, characterized by a large fear factor,
increasing the refuge m once again results in prey density approaching half that of
the predators. However, in this scenario, the Filippov model (3) oscillates around the
unstable equilibrium E, as seen in Fig.17e for m = 0.1 and ¢ = 10. Then the
Filippov model (3) reaches stability when the prey refuge increases sufficiently to
re-enter region Rj3. It is noteworthy that for substantial fear factors (¢ > 13.82),
when the double density of prey exceeds that of predators in region Rg, it remains
fixed with respect to the prey refuge m. In this case, the Filippov model (3) oscillates
around the unstable equilibrium E *1, as demonstrated in Fig. 17f for m = 0.5 and
¢ = 14.5. Moreover, as the prey refuge m closes to 1, in region R4, equilibrium E§2
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Fig. 17 Phase portraits illustrating bifurcation regions R;,i = 1,2, ..., 7 for the Filippov model (3), as
depicted in Fig. 16 with different values of the prey refuge m and fear factor ¢
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becomes virtual for ¢ < 13.82 and disappears in region R7, as evident in Fig. 17g, d,
respectively.

In the second scenario, characterized by { = 1, the transition between the two sub-
systems (4) and (5) occurs when the prey density x equals that of the predator density
y. Contrasting this with the previous scenario, illustrated in Fig. 16b, we observe the
disappearance of regions Rs, Rg, and R7, accompanied by an expansion of areas R;,
where i = 1, 2, 3, 4. In region R, marked by lower refuge levels m, the prey popula-
tion remains smaller than that of the predators. Within this context, both species can
coexist, exhibiting a limit cycle pattern centered around the unstable equilibrium E ;2.
Moving to region R;, achieved by increasing the prey refuge, results in a reduction
of interaction between prey and predators. This shift causes the previously unstable
equilibrium E ;2 to stabilize. Consequently, they coexist in a stable state. As the prey
refuge continues to rise into region R3, the prey density increases, eventually equaling
that of the predators. In this region, both populations can coexist at the pseudo equi-
librium E”. Notably, as the prey refuge m closes to 1, in region Ry, equilibrium E ;2

becomes virtual, and the Filippov model (3) approaches E° .

5 Conclusion

The preservation of our natural environment depends on our ability to comprehend
the complexities of ecology. The ecology system gives us a comprehensive under-
standing of the interactions between living things and their environment, enabling us
to appreciate the delicate balance and interdependence of varied ecosystems. Also,
sustainability is promoted, and long-term viability is promoted, enabling us to satisfy
our needs today without jeopardizing the ability of future generations to do the same.
By mathematical models, we can grasp the complex web of interactions among plants,
animals, and their habitats, recognizing the vital roles each species plays [10, 11, 25].
This understanding enables us to identify potential threats to ecological stability, such
as species extinction, habitat destruction, pollution, and climate change, and develop
effective conservation strategies to mitigate these challenges. In earlier studies [27-29,
31], the influence of fear and the availability of prey refuges on prey-predator systems
was explored, typically assuming that refuges are consistently accessible to prey due
to their fear of predators. However, this scenario does not always hold, as prey tend to
seek refuge when they perceive themselves or their population as significantly smaller
in comparison to the predator population. Thus, in this paper, we introduced a Filippov
prey-predator model with fear effect on prey and prey refuge. For the scenario where
the ratio of prey to predators is low, the natural instincts of prey organisms compel
them to adopt refuge-seeking as a defensive tactic. Conversely, when the ratio of prey
to predators is high, these instincts trigger proactive foraging behavior among the prey
population. The incorporation of switching of prey refuge, along with the inclusion of
predator-induced fear, in the Filippov system has proven to be effective. This system
description has resulted in the establishment of stability and coexistence between the
prey and predator populations, thereby ensuring ecosystem stability and preventing
species extinction.
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Using qualitative analysis methods of non-smooth Filippov dynamic systems and
numerical techniques, the dynamics of the proposed Filippov prey—predator model
with fear effect on prey ans prey refuge have been studied in detail. The existence and
stability of several types of equilibria have been discussed, including the equilibria
of subsystems S, S2, and pseudo equilibria of Filippov system (3). In the discussion
about sliding and crossing regions and sliding mode dynamics, there is a connection
between the presence of pseudo-equilibria and the bifurcation parameter ¢, as depicted
in Fig. 6. The results obtained in Sect. 5 indicate that the Filippov system (3) can give
rise to three types of local sliding bifurcation as boundary node and boundary focus
bifurcations as seen in Fig.8 and collisions of two invisible tangencies bifurcation
as seen in Fig.9. As well three types of global sliding bifurcation such as touching
bifurcations, as seen in Fig. 10, buckling bifurcations, as seen in Fig. 11 and sliding
crossing bifurcation as shown in Fig. 12.

We conducted numerical simulations to explore the potential impact of factors such
as fear, prey refuge, and threshold ratio on the Filippov model (3). Our investigation
revealed that an increase in the fear factor resulted in a decrease in both prey and
predator densities, causing a transition from a limit cycle oscillation to a steady state
(as illustrated in Fig. 13). To further investigate this phenomenon, we constructed a
bifurcation diagram in the { — ¢ plane, considering different values of the prey refuge
parameter m as depicted in Figs. 14 and 15. The diagram displayed four distinct regions
R{, Ry, R3 and Ry, illustrating the influence of the fear factor on the equilibria of the
Filippov model (3) and their respective stability. Notably, when we reduced the prey
refuge parameter m to 0.1 in Fig. 15a, we observed changes in the stability regions.
Specifically, regions R3 and R4 decreased in size, while two new regions R5 and Rg
emerged. These findings suggest that the prey refuge parameter also plays a role in
determining the stability of equilibrium points within the Filippov model.

Moreover, we explored the interplay between prey refuge m and the fear factor ¢
within the Filippov model (3), considering two different threshold values ¢. Our find-
ings, as depicted in Figs. 16 and 17, revealed that changes in prey refuge significantly
influenced the dynamics of the Filippov model. Specifically, as the prey refuge m
increased, the model transitioned from oscillatory behavior to a stable state. Notably,
for the case when ¢ was set to 0.5, we observed that at higher fear factor values,
the Filippov system exhibited oscillations around the equilibrium E *1 , indicating that
prey ventured out from refuge to forage. This behavior emerges because increasing
fear reduces prey and predator densities. Thus, at sufficiently high fear levels, predator
density becomes much smaller than prey density, prompting prey to leave refuge in
search of sustenance to avoid extinction.

In summary, our findings highlight the intricate ecological dynamics that arise when
considering adaptive prey behavior in the face of predation risk. The incorporation
of prey-refuging strategy switching based on the prey-to-predator density ratio in
the proposed Filippov model offers a more realistic ecological representation. These
results underscore the importance of threshold-based refuge seeking for preserving
species and maintaining ecosystem stability.
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