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Abstract: In this paper, a multi-time scale stochastic eco-epidemic model where the prey population
was infected with disease was proposed. The stochastic factors in the ecological environment and
the fact that the growth and loss rates of predators were much smaller than those of prey were
considered. First, the dynamical behavior of the deterministic model was analyzed, including the
existence and the stability of the equilibrium points and the bifurcation phenomena. Second, the
existence and uniqueness of global positive solutions and the ergodic property of stochastic model
were discussed. Meanwhile, the solution trajectory which was perturbed was also analyzed by using
random center-manifold and random averaging method. Finally, the stochastic P-bifurcation is shown
by applying singular boundary theory and invariant measure theory. Numerical simulation also verified
the correctness of the theoretical analysis.

Keywords: prey-predator model; Lyapunov function; multi-time scale; geometric singular
perturbation theory; stochastic bifurcation

1. Introduction

The interaction between prey and predator has become one of the main relationships in ecology
due to its universality and importance. Meanwhile, disease is one of the most common influencing
factors on prey-predator systems in the natural environment. The study of disease dynamics in an
ecological system is an important issue from both mathematical and ecological point of view, as
spread of infectious diseases becomes an important factor to regulate animal population sizes. Many
researchers have proposed and studied different predator—prey models in the presence of disease.
Gupta and Dubey discussed bifurcation and chaos in a delayed eco-epidemic model [1]; dynamic
behavior of an eco-epidemic model with two delays was analyzed by Jana et al. [2]; Debasis
Mukherjee discussed the Hopf oscillation phenomenon of an eco-epidemic model [3].

Meanwhile, as is well-known, the fluctuation in environmental changes is an important component
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of an ecosystem in natural ecological environments. Due to the stochastic perturbation in the real
world, the dynamic behavior described by deterministic models cannot accurately predict the true
future behavior of the system. Thus, considering the stochastic models with noise is reasonable.
Related work could be found in Mukherjee [4]; Khare et al. [S]; and Zhang and Wu [6, 7]. These
indicate that many scholars have begun to pay attention to the impact of stochastic factors on
ecological populations and have made many academic achievements.

On the other hand, another practical issue in the ecological environment is that the growth rate of
prey is generally much faster than that of predator in most systems. Therefore, in most applications,
the dynamics of different variables in simple differential equation systems are scaled hierarchically.
Based on the stochastic system, many authors have considered system research and management at
different timescales. Wang and Roberts discussed the dynamics of a slow-fast stochastic system by
using random slow manifold reduction [8]. Stochastic P-bifurcation and the asymptotic behaviors of a
stochastic model of Alzheimer’s disease, which has two timescales, were analyzed by Zhang and
Wang [9].

Random slow manifolds are geometrical invariant structures of multi-scale stochastic dynamical
systems. It has been shown that the deterministic slow manifold has dramatic effect on the overall
dynamical behavior. In [10], the authors discover that the bifurcation structure of the deterministic
slow manifold creates a reaction channel for non-equilibrium transitions, leading to vastly increased
transition rates. The random slow manifold also has a profound impact on the stochastic bifurcation
for the stochastic dynamical system. It is beneficial to take advantage of random slow manifolds in
order to examine dynamical behaviors of multi-scale stochastic systems, either through the slow
manifolds themselves or by the reduced systems on these slow manifolds [11]. For multidimensional
stochastic slow-fast systems, the reduction on random slow manifolds brings great convenience to the
analysis of dynamic behavior.

Based on the above discussion, this paper is to discuss a stochastic mathematical model which has
two timescales with disease infection in the prey population. As far as we know, the study of the
epidemic model considering stochastic noise and multi-time scale is not extensive, especially the
further study of the stochastic system. In our work, the further reduction analysis of multi-time scale
stochastic system using random slow manifold can analyze its dynamic behavior, such as stochastic
bifurcations, while maintaining accuracy. This makes the analysis of the system closer to reality, more
biologically significant and more comprehensive. The P-bifurcation analysis after dimension
reduction also provides a more specific and further discussion on the dynamic behavior on the
dynamical behavior of the ecosystem affected by stochastic noise.

The rest of paper is divided as follows: In Section 2, a stochastic eco-epidemiological system with
multi-time scale is presented. The stability and bifurcation of the equilibrium points of the model
without noise are discussed in Section 3. In Section 4, the existence, boundedness, and ergodic
property of solutions are analyzed on the stochastic model. In addition, the singular perturbation
problem with random center-manifold method and the stochastic P-bifurcation are considered in
Section 5. Finally, in Section 6, we end the paper with some concluding remarks.

2. Model formulation

Zhang et al. [12] proposed a prey-diseased predator model with stochastic disturbances:
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$@) = rS(O1 = 32) = BSOI®) + 1S (VB (1),
1(1) = BSOI(1) = diI(t) = cI()P (1) + 21 (1)dBx(1),
P(t) = P(t) (kel(1) = da) + o3 P(1)d B3 (1),

where S (1), I(¢), and P(f) represent the number of the susceptible prey, infective prey, and predator at

time ¢, respectively. r denotes the increase rate, K is the environmental capacity, S denotes the disease
transmission coefficient, and d; represents the disease related mortality rate of I(¢). k is the conversion
efficiency of predator, while d,, ¢ represent the natural mortality rate and the attack rate on infected
prey of P(t), respectively. B;(t) > 0 (i = 1,2,3) represents the standard Brownian motion with an
intensity of i, and o; > 0 (i = 1, 2, 3) represents the intensities of environmental white noise. B;(¢) > 0
(i = 1,2,3) are independent of each other.

In this paper, the different timescales are applied to the model due to multiple timescales revealing
that the rate of reproduction and death of prey is often much faster than that of predators in actual
situations. We take into account the timescale &, which is selected as the ratio of the product of the
predator’s predation rate and predation conversion rate to the intrinsic growth rate of prey. Rescale the

variables as
kc ﬁ dz d 1 a

g:—’q:—’h:—’a:—, = —
r r kc r r
and assume
- -~ cP
t=rt,P=—,
r

still using ¢ to represent 7 and P to represent P.

Moreover, considering that the susceptible prey and the infected prey are often subjected to the same
interference as the same biological population in the same environment, the following dimensionless
system can be obtained:

S=S(1-%)-g¢SI+01SdB(1),
[=gSI-1IP-al -6+ 01dB\(), 2.1)
P = eP(I — h) + 05 \ePdB, (1),

where ¢ describes the timescale separation and 0 < € < 1. a represents the interspecific competition

coeflicient of I(¢). B;(t) > 0 (i = 1,2) represents the standard Brownian motion with an intensity of i
while B(¢) and B,(¢) are independent of each other. o; > 0 (i = 1,2) represents the intensities of
environmental white noise. This model is applicable to infectious diseases that spread only in the prey
population and have a high mortality rate while having no effect on predators, for example, mouse
hepatitis virus and rabbit hemorrhagic disease virus.

3. Equilibrium analysis of model without noise

When oy = 0, = 0, the corresponding deterministic model of system (2.1) is

S=S1-%)-¢5I,
I=gSI-IP-al-6I, (3.1)
P =¢ecP(-h).
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In this section, the dynamics of the deterministic situation is mainly focused.

By calculating, there are four equilibrium points for system (3.1): E(0,0,0), E,(K,O0,O0),
Ey(f 2, 55, 0), and Ey(S™, I, P*), where S* = K(1 - gh), I' = h, P* = qK(1 - gh) - a = 6h.

It is easy to see that the Jacobian matrix of (3.1) is given as

-8 —ql -qS 0
J = ql qS —P—a—-21 -1 .

0 P e —-h)

For E,(0, 0, 0), the corresponding Jacobian matrix is

1 0 O
JE)=[0 —a O |.
0 0 -¢h

Obviously, the eigenvalues of J(Ej) are 4y =1 > 0, 4, = —a < 0, 43 = —eh < 0. Therefore, E; is a
saddle and always unstable.

Theorem 3.1. For E,,

(a) if g < %,E is a stable node.

(b) if g > %, E, is a saddle.

(c)if q = qrc = %, the system (3.1) undergoes a transcritical bifurcation.

Proof. For E, (K, 0,0),

-1 —gK 0
JEy) =0 gK-a 0 |,
0 0 —he

the eigenvalues of J (Ey) are 4 = -1 <0, o = —he <0, 13 = gK —a. If g < £, 43 <0, E; is stable.
If g > %, 43 > 0, E; is a saddle.

If g = grc = %, 43 = 0. Let V and W be two eigenvectors corresponding to the eigenvalue A3 for
the matrices J (E,) and J (E»)", respectively. After calculation, we have

V] - W] 0
V=IVal=]1|.W=|W|=(1 |.
Vs 0 Ws 0

Moreover,

SA-3%)-¢SI
F(S,I,P)=|gSI—1IP-al -6I*|,

eP(I - h)
=-S1 0
F,(Ey;qre) =| S1 =10{,
o) o
2,4T1C
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-1 =S 0)\(-«a -K

DFq (Eg; ch) V=1|1 S 0 1=K ,
0 0 0J\0 0
0
D’F (Ex;qrc) (V,V) = | =206 + ©)|.
0

Clearly,V and W satisfy

WTFq (Ey; grc) =0,

WY (DF, (E»; qrc) V) = K #0,
2
WID?F (B qrc) (V,V) = =26+ ) # 0.

By the Sotomayor theorem [13], when g = gr¢, the transcritical bifurcation occurs at E,, and the two
equilibrium points E, and E; coincide. The proof of Theorem 3.1 is finished.

Theorem 3.2. For E;,

(a)if h > 52[2—_:;, E5 is a stable node.

(b) if h < qq;i;g, Es is a saddle.

(c)ifh =hrc = %, the system (3.1) undergoes a transcritical bifurcation.

To ensure the existence of E3, gK > @ must be satisfied, and 4 is chosen to be the bifurcation
parameter for ease of calculation. Then, the situation is similar to E,. By calculating, the following
results are obtained:

W'FE), (E3; hre) = 0,
WY (DF,, (Es; hre) V) = e(¢°K + 6) £ 0,
WY (D*F (E3; hre) (V, V) = —2&(¢*K + 0) # 0.

By the Sotomayor theorem [13], when & = hy¢, the transcritical bifurcation occurs at E3, and the two
equilibrium points E3 and E, coincide.

For E4, its existence conditions are g > %, h < é, h 521;:2 The corresponding Jacobian matrix is
gh—1 —qK(1 — gh) 0
J(Ey) =] qh —oh —hl,

0 e(gK(l —gh)—a—-06h) O

and the characteristic equation is
/13 + a1/12 +ad+az = 0,

where

Electronic Research Archive Volume 33, Issue 3, 1667-1692.



1672

a; =1 —qh+ dh,

ar = h(6 — 6gh + ¢*K — ¢°hK + £(gK — ¢°Kh — a — 6h)),

az = eh(1 — gh)(gK — q2Kh —a — oh),

ara, —az = h(6h + 1 — gh)(6(1 — gh) + ¢*K(1 — qh)) + She(—Kqg*h + gK — 6h — ).

Due to the existence conditions, it is easy to know a;, a,,a; > 0 and aya, — a; > 0. According to the
Routh-Hurwitz criterion, E, is asymptotically stable.

4. Analysis of model with noise

4.1. The existence and uniqueness of positive solutions

Considering the nonnegative nature of the ecological population, it is necessary to prove the
existence of unique positive global solution for any positive initial condition of the system (2.1).

Theorem 4.1. For any initial value (S (0), 1(0), P(0)) € R3, system (2.1) admits a unique global positive
solution (S (1), I(t), P(t)) for all t > 0, and the solution remains in Ri with probability one, namely,

P{(S(1),I(t), P(t)) € R?, forall t > 0} = 1.

Proof. Due to the coefficients of the system (2.1) satisfying the local Lipschitz condition, it always has
solution (S (2), I(?), P(t)) € R att € [0,7,) for any initial value (S(0), 1(0), P(0)) € R3, where 7, is
the moment of explosion. To prove that it is almost a global solution, it’s simply needed to show that
7, = oo. Let ky > 0 be sufficiently large such that each component of (S (0), (0), P(0)) lies within the
interval [k]—o, ko]. For any integer k > ko, the stopping time is defined:

T = inf{t € (0,7.) : min{(S (?), (1), P())} < % or max{(S (1), I(t), P(t))} > k},

where inf() = oo, and () generally represents the empty set.

Obviously, 7, monotonically increases as k increases. Set 7., = ]}Lrg Ty, then 7o, < 7, 18 valid almost
surely. It is known that if 7, = oo holds almost surely, then 7, = co will hold almost surely and there is
S@),I(r), P(t)) € Ri for any ¢ > 0. The following proof will use the method of proof by contradiction.
If the statement is not true, there exist a pair of constants 7 > 0 and &; € (0, 1) such that P{t, < T} > &
for any integer k > k.

Define a C? function V : R? — R,

VIS@), 1), P(t))=S@® - 1-InS® +1(t) =1 = Inl(t) + Pt) — 1 = [nP(2),

from inequality u — 1 — [nu > O(u > 0), it can be inferred that V(S (¢), I(¢), P(t)) > 0. Applying the
generalized /to formula to V, we have
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LV(S,1,P) =(1 - Sl)(S(l - %) —gSD+(1 - %)(qSI —IP — al - 61%)

2

+(l— Il))(sp(l ) a4 %

S 2 80—%
SS+E+C¥+51+81’L+81P+P+0'1+7

2

EO
3K+1+a+5K+sh+P(sK+1)+a%+72. (4.1)

By using inequality x — a — aln? > 0 for any positive constant a, and combining formula (4.1) with
positive constant ¢ = 2eK + 1 > 0, we get

L(e™*'V(S,1, P))
= *"(=¢V(S,1,P) + LV(S,1, P))

<e (&S —1-mS +I-1-ml+P—-1-InP)+K+1
,  E03
+a+6K+8h+(sK+1)P+0'1+T)

= '((=&(S — InS) — & — Inl) — eK(P — ;Klnp) +3¢

2

)
+K+1+a+6K+eh+o; +T)
—¢&t & 2 80—%
<e ¥((=2¢ - &(1 —I—2) 43¢+ K+ 1+a+ 0K +sh+oi+—7)
E
<Ke™, 4.2)
where K = fllng(l +K+1+a+6K+eh+ol+ e%g > 0, and further obtain
de*'V(S,1, P)) <Ke ' + o1(S — 1)dB (1)
+01(I = DdB,(t) + 05 Ve(P — 1)dBy(2). 4.3)

Set

V(S (), 1), P(1)) = — + V(S (D), 1(1), P(1))

o | X

and obtain that

dv(S (), I(t), P(t)) <EV(S (1), I(t), P(t))dt + o1 (S — 1)dB ()
+o (I — 1)dB,(t) + 05 Ve(P — 1)dB,(?). (4.4)

For any k > ky and ¢t € [0, T], integrating the two sides of the inequality (4.4) from O to 7, AT =
min{ty, T}, we obtain

Electronic Research Archive Volume 33, Issue 3, 1667-1692.
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T AT
V(S (i AT), I(ti N T), P(tic A T)) <V(S(0),1(0), P(0)) + f EV(S (1), (1), P(1))dt
0
T AT T AT
+O'1f (S - l)dBl(t)"i'O-lf (1— l)dBl(t)
0 0
T AT
o VB f (P - DByt
0

T AT
=V(5(0), 1(0), P(0)) + f EV(S (1), (1), P(t))dt
0
+ M AT)+ Ma(ty AT)+ M3(ti . AT), 4.5)

where
T AT
Ml(Tk/\T)ZO'lf (S = DdB(1),
0

T NT
Moty AT) = 0 f (I = 1)dB (1),
0

T AT
Ms(ty AT) = 02 Ve (P — 1)dBy(1)
0

are three local martingales. Then, take expectation of the inequality (4.5) due to the fact that the
solution of the system (2.1) is ¥, adaptive, and we have

EV(S (e AT), I(t AT), P(ty A T)) <V(S(0), 1(0), P(0))

Tk AT
iy f EV(S(t4 AT), I(t AT), P(ry ATY)dr.  (4.6)
0

Based on the Gronwall inequality, it yields that
EV(S (e AT), I(t AT), P(ty A T)) <V(S(0), 1(0), P(0))e*” . 4.7)

Therefore, for any k > ky, we define Q; = {w € 4 : 7, = T (w) < T}, then we have P(€);) > &,. Note
that for each w € (), there is at least one in S (7, w), (74, W), P(1y, w) that equals k or % Consequently,
we have

V(S (i AT),I(ti AT), P(ti A T)) > min{k — 1 — lnk,% — 1+ Ink}.
It can be concluded from formula (4.7):
V(8 (0),1(0), P(0))e"" = E(lay ) V(S (13, ), I(Th, w), Py, 0)))
> g1 minfk — 1 — Ink, % — 1+ Ink},

where 1lg, 1s the indicator function of €. It’s clear to have the expression
oo = V(5(0),1(0), P(0))e!” < oo as k tends to infinity, which shows contradiction. Accordingly, there
exists a unique positive solution for stochastic system (2.1), and the proof is complete.
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4.2. Boundedness

Theorem 4.2. For any initial value (S(0),1(0), P(0)) € R3, the solutions U(t) = (S(1),1(t), P(t)) of
model (2.1) are stochastically ultimately bounded.

Proof. To prove the validity of the property, it is to prove that for any 0 < &, < 1, there is a positive
constant § = d(g;) such that the solution U(f) = (S (¢), I(f), P(t)) satisfies

lim supP{{U(?)| > d} < &
t—o00

for any initial value (S (0), 1(0), P(0)) € R3.
We define a function V :

V(S,I,P)=S?+1°+ P,

where (S,1,P) € R® and 4 > 1.
Applying the generalized /o formula to V:

L(e'V(S,1,P)) =¢'LV(S,I,P) + €'V(S, I, P)

S
=e'(S71(S (1 - E) —gSI)+ 61 (¢gSI - IP — al — 61%)
66— 1)

+ 6P (eP(I - h)) + (018 + 21’ + o3eP’)
+S7+1°+ PY)
t 6 1 0 1 6 1
<6e'(K(1 +5)+K(5+Kq—a)+aP (K—h+5)

0-1

@ - Dok’ + 3P

<Ke', (4.8)

let K —h+ % = @oﬁ; further, there is

1 1
L('V(S,1, P)) <0e'(K°(1 + ik K”(5 +Kq—a)+ (- 1o K%
<K¢', (4.9)

where K is a constant.
Integrating the two sides of the inequality (4.9) from O to 7; A t and taking expectation, we have

E(e™MV(S (ti A1), I(ti A 1), P(tic A 1)) < V(S(0),1(0), P(0)) + KE f ) e’ds.
0

This shows that
EV(S (1), (1), P(t)) < e”'V(S(0), I(0), P(0)) + K.

Meanwhile, it could obtain that
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WO = (S2(t) + () + P2(1))*
< 3% max{S°@), I(r), P(¢))
< 33(S°) + I°(t) + P(1)).

Thus, we could have
EIU)I° < 3% (e V(S (0), 1(0), P(0)) + K),
which implies that
lim sup EUQ)’ < 31K < .
Obviously, a positive constant 7r; could be found such that
}Lrglo sup E|U(t)| < 7.
Applying Markov’s inequality and taking ¢ = ’;—]', forany 0 < & < 1, we have

PUG) > 6} < Ell(]s(t)l.

Hence, the following inequality holds:

T
0]

lim supP{|U(t) > 6} < =g,
—00

and the proof is complete.

4.3. Ergodic property of positive recurrence

When considering eco-epidemic models, when the disease will persist is always of interest. In this
section, based on the theory of Has’minskki [14], an ergodic stationary distribution which reveals that
the disease will persist is proved. Here is some theory about the stationary distribution.

Lemma 4.1. ( [14]) The Markov process X(t) has a unique ergodic stationary distribution u(-) if there
exists a bounded domain D C E; with regular boundary I" and

A\: there is a positive number M such that Zf,j:l aij(0)&E > MIEP, xe D, £ €R.

Aj: there exists a nonnegative C*-function V such that LV is negative for any E;\D. Then,

1 T
Py{lim - fo JX@)de = | f(ouldx)} =1

E;

for all x € E;, where f(-) is a function integrable with respect to the measure (.

Theorem 4.3. Assume that R} = ——L > 1, then system (2.1) has a unique stationary distribution
atoiteh+5o;

u(-) and it has the ergodic property.

Electronic Research Archive Volume 33, Issue 3, 1667—-1692.
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Proof. In view of Theorem 4.1, it has been known that for any initial value (S (0), 1(0), P(0)) € Ri,
there exists a unique global solution (S (f), I(t), P(t)) € R}. In what follows, for the simplification, we

denote S (¢), I(¢), and P(¢) as S, I, P, respectively.
The diffusion matrix of system (2.1) is given by

O'%S 20 0
A=| O 0'%[2 0 .
0 0 EO'%PZ

Choose M = min {0382 0}1% e03P?}, and we have
(S,I,P)eDyCR?

3
D (S, LPEE; = 016 + FIPE + 50 P8 2 MIEF,

ij=1

(S’I’P) € Dk’ g = (§1,§27§3) € R3’

where Dy = (¢,k) X (+,k) X (3, k), then the condition A; in Lemma 4.1 holds.
Next, we focus on the condition A,, and define

P

5
ViS.I.P) = —InS —Inl —nP+ L7225 + 1)+ =,
a ch

Vo(S, 1, P) = —InP,

1
Vi(S,1,P) = T(S +1+ )’"+2

where m is a sufficiently small constant satisfying 0 < m < min{-% — 1, N —
1

By calculating, we have ’
S 2, ¢ o
LV, =-1 +E+ql—qS +P+a+06l-e(l—h)+o0; +§0'2

S 2
L4 (S—SE—IP ol - 512)+P(——1)

1 a+(g+ 0K
< —(a+07 +eh+ 2o -+ —5+
( ! 2 2>((1’+0’%+8h+§0‘§ ) aK
— +MS+ﬂ’
aK h
where
2 € - 1
=(a+o]+eh+ =z05)( 5 - 2—1)>0.
2 a+al+8h+50'2

Similarly, it can be obtained that

PI

(4.10)

Electronic Research Archive Volume 33, Issue 3, 1667-1692.
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LVy=—e(l—h) + gag,

2 2

P S o P
LVi=(S +1+—)""'(S — = —al - 6> —= Ph) + =S (m+ 1)(S + I + —)"
& K 2 &

0-%2 P O% 2 Pl
+—Im+1)(S+1+-)"+—=Pm+ 1S +1+—-)"
2 e 2¢e e

P 1 h
SS(S +7+ _)m+1 _ ?Sm+3 _ Q’Im+2 _ 6Im+3 _ ﬁpm+2

& emn

+1 o’
+ m2 (O'%SWH—Z + O_%Im+2 + _riPm+2)
£
<B_Lsm+3_glm+2_i m+2
N 2K 2 2em+1 ’
where
P +1 o2
B= sup (S(S+1+=)""+ 2 —(35"2 4+ 31" + 2P
(S.I.P)eR® € &
_ LSm+3 _ g m+2 h Pm+2} < 00
2K 2 2gm+1 '

Define a Lyapunov function V : R> — R as
V(S.1,P) = MoVi(S, 1, P) + Va(S, 1, P) + V(S 1, P),

where M, is a positive constant satisfying

—Mod+C; £ -2,
1 a h I MyPI
C — B__Sm+3——1m+2_—Pm+2+ h+_ 2+

It is easy to check that

liminf  V(S,1,P) = +co.
k—00,(S,I,P)eRI\Dy

}.

4.11)

(4.12)

(4.13)

(4.14)

Furthermore, V(S, I, P) is a continuous function. Hence, V(S, I, P) has a minimum point (S, 1y, Py) in
the interior of R3. Then, a nonnegative C>-function V(S, I, P) : R> — R, is constructed as follows:

V(S,I,P) = V(S,I,P) = V(So, 1o, Po).

From (4.10) to (4.15), it can be calculated that

a+(q+0)K_. PI

LV < — Mod + My( S+ =) +eh+ =0

aK h 2
1 a h
+B - _Sm+3 _ _Im+2 " pm+2
2K 2 2em+l

(4.15)

(4.16)
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Now, we select a bounded closed set D,, as

1 1 1
={S,LP)ER} :6/<S < —,6/<I<—,5, <P<—},
€1 €1 &1

where g, > 0 is a sufficiently small constant satisfying the following conditions in the set R3\D,,:

a/+(q+6)K8 <

—Mo/l-l'Cl +MQ < -1, (417)
aK
1,
Mosl(}—l)”m +Cy < -1, (4.18)
1
Mosl(;l)“ﬁ +Cy <1, (4.19)
1 1 m+3
2K(gl) +Cy < -1, (4.20)
- 5(8—)'"+2 +Cs < -1, (4.21)
1
hoo1
- 2{_/\,%1(8—)"“2 +C6 < -1, (4.22)
1
where
a + (C] + 5)K & 2 1 +3 _ +2
C, = MO L chy Eo2 B — gy _ E ey
27 o M— & BT 3% 2K 2
+(g+0)K 1 h
Cr= sup (M2 LG s Co3 4 B oS - P2,
(S.LP)eR aK 2 2K 2g
+(g+0)K h
Cy= sup {Mo(ws ) +ech+ 0'2 + B Iy _ — P,
(S.LP)eR} aK 2 2 2gmt
a+(qg+ 0K 1 h
C: = M (———§ + —+h+ +B— Sm+3——m+2,
T PR B g g
a+(qg+0)K 1 PO o 2PN
Ce = My(——————S + —+ h+ + B— ——8§™m3 — — 2y,
°7 i Ml(—x e 2‘T2 2K 1

We can get that (4.17) holds from (4.14). For the sake of convenience, Ri\D81 is divided into the
following six domains:

={S,LP)ER:0<S <&}, D,={S,I,P)eR} :0<1I<g},

1
Dy={S.LP)ER}:0<P<g), Dy={S,LP)ER:S > —},

1
Ds={(S,,P)eR : > —]}, Ds=1{(S,I,P)eR’ : P> —}.
&1 €1

Obviously, Dg = Dy U---U Dg. In order to verify LV(S ,I,P) < —1 for any (S, 1, P) in Dg, we will
clarify it on the above six domains.
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Case 1. For (S, 1, P) € Dy, it follows from (4.16) and (4.17) that
a+(qg+0)K PI £

LV <=M+ My(—————S + —)+ch+—-0>+B
=< 0 of oK h) € 20'2
1 a h
__Sm+3__Im+2_ m+2
2K 2 2gmtl
+(g+0)K
<—Myd+Cy + Mow&‘]

aK
<-1.

Case 2. For (S, 1, P) € D, it follows from (4.16) and (4.18) that

a+(g+0)K Peg; &
oK S + h)+sh+2

a h
_ _Im+2 o
2 28m+]

MOP81 l’l _—
= 7 — 28m+1P * +C2.

1
o3+ B——8"",

LV <My( T3

m+2

Notice that for any p > 1, x > 0, the following inequality holds [15]:
x < éxP+ fl%l’,

thus,

MOP81 h
h 28m+1
M081 1 1
hPm+2+ — )m+l ) —
T (7))
h
" Gt

LV < P"™? + C,

h
28m+1

1
- M081)Pm+2 + M()S](}TL)H-ﬁ + C2

< Pm+2 + C2

1 1+
SMOS](E) w1+ Gy

<-1

Case 3. For (S, 1, P) € D;, it follows from (4.16), (4.19), and (4.23) that

(4.23)
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N a+(q+0K &l 1 3
LV sMy(—————S + =) + eh+ So3 + B~ — 8"
sMo(— ¢ ) 2”2 2K

_ glm+2 _ h m+2
2 28m+l
Mye 1
= (;;91 — %Ierz + C3
M
081 (h[m+2 ( )mJrl ) Im+2 C3
<- (5 — Mos)I™* + Moal(z)“ﬁ +Gs
1
SfV[oé‘l(E)lJrﬁ +C3
<-1.
Case 4. For (S, 1, P) € Dy, it follows from (4.16) and (4.20) that
N 1 a+(g+9)K PI
LV < — —8"3 + My(—————S + + o) +eh+ +B
2K ook )te 2(72
_ glm+2 _ h m+2
2 28m+1

1 1
<___m+3+C
- 2K(81) +

<-1

Case 5. For (S, 1, P) € Ds, it follows from (4.16) and (4.21) that

a+(g+ 0K
aK

m+2

A

LV <-— %1””2 + M
1 m+3 h
2K 2gm+l

m+2+C
< 2(81) 5

<-1

S+ —)+eh+202+B

Case 6. For (S, I, P) € Dg, it follows from (4.16) and (4.22) that

A h a+(g+9)K PI I
LV<— ——P"2 4y My(———————S +—)+¢ch+-02+B
2em+] 5K PRARURELE
1 @
_ _Sm+3 _ _Im+2
2K 2
h 1 m+2
S S G
<-1.

Clearly, from above all it can be obtained that for a sufficiently small &y,

LV(S,1,P) < —1 forall (S,1,P) € R:\D,,.
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Therefore, A, in Lemma 4.1 is satisfied. The system (2.1) has a stable stationary distribution and
the solution is ergodic by the Lemma 4.1 [14]. This completes the proof.

Remark 4.1. The existence of the stationary distribution describes the probability equilibrium state
of variables such as biomass and species abundance in the long-term evolution of ecosystems. It
provides quantitative tools for key issues such as extinction risk and coexistence probability. The
ultimate boundedness characterizes the dynamic resilience of an ecosystem, which refers to its ability
to resist collapse or explosive growth under stochastic disturbances (environmental noise and resource
fluctuations). Both of them provide theoretical basis for the analysis of ecosystems, and ultimately
boundedness often lays the foundation for the existence of stationary distributions, which is a necessary
but not sufficient condition for the existence of stationary distributions.

5. Stochastic bifurcation

In this section, first the dimensionality of deterministic model (3.1) is reduced. Then, the
corresponding reduction stochastic model could be obtained by applying the lemma from [11].
Finally, the stochastic bifurcation is analyzed.

In terms of the slow time # = &7, the model (3.1) becomes the following slow system:

&S =S1-%)-qSI=fi,

el =qSI—IP—al -6 = f», (5.1)
P=PUI-h) =g

Note that systems (3.1) and (5.1) are equivalent as long as € > 0.
When € = 0in (3.1), the following equation, which is also called the fast subsystem, could be obtained:
§=S(1-%-g¢51=fi,
I=gSI-IP—al-6I* = f, (5.2)
P=0.
The singular perturbation theory defines the critical manifold of (3.1) as the equilibrium points of
the fast subsystem (5.2), which means

— (1 —5)_ ST =
{fl =S(1-5)-qSI=0, 53)
fr=4SI-1IP—al -6I* = 0.
By simply calculating, we get the explicit expression of critical manifold:

Mo ={(S,1,P)IS = K,I =0},
My = {(S,1P)IS = (1 - gDK, P = (=6 — *K)I + qK — o}

For further discussion, the critical manifold is decomposed into the following branches:

M3y ={(S,I,P)S =K, I=0,P>qgK - a},
M;—O = {(S,I,P)lS :K,I:O’P<qK—a}’
M, = {(S.1,P)IS = (1 = gDK,P = (=6 - ¢’K)I + qK — a1 < é}

M3y = {(S.LPNS = (1 = qDK.P = (=6 = K +gK — a1 > 1}.

Then, we have the following result:
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Figure 1. The critical manifold of system (3.1). The red curve is the saddle part and the blue
curve is the attracting part.

Theorem 5.1. Consider 0 < & < 1, where the branches M, and M), are normally hyperbolic
attracting, and M;, and M, are normally hyperbolic saddle. M,y and M, lose their normal
hyperbolicity at Q(K.0.qK — @) and T(0, 1, - — ).

Proof. Along the manifold M, the Jacobian matrix associated with (5.3) is given by

7o -1 —gK
7V0 gk-P-a)

The eigenvalues are 4;; = —1 < 0 and 4, = ¢gK — P — a . By simply calculating, M, is normally

hyperbolic attracting when P > gK — « and normally hyperbolic saddle when 0 < P < ¢K — . In

addition, Q(K, 0, gK — @) is a turning point where M, loses its normal hyperbolicity (as Figure 1).
Similarly, along the manifold M, we have

. 1-61-1+ 0I—qI+1)2—4(qI2(-q*K-8)+1(6+¢*K . .
The eigenvalues are Ay = 1 £ Vol-al+) 2(q CaKO+IO+ )). By calculating, M,, is normally

hyperbolic attracting when 0 < I < é and normally hyperbolic saddle when 7 > [1;. In addition,

T(0, é, —3 — @) is a turning point where M, loses its normal hyperbolicity.

Obviously, T has no biological significance because of —g —a < 0. In the following, we will only
discuss about point Q. Moreover, from definition, it is easy to know that slow flow doesn’t exist at
Q. For 0 < & < 1, Fenichel’s theorem indicates that My, and M5y can be perturbed to M7, and M5,
which the distance to My and M, is within O(g), respectively. As & increases, the solution trajectory
fluctuates accordingly, but ultimately stabilizes at the internal equilibrium point E4, as Figure 2.
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Figure 2. The solution trajectory of system (3.1) with increasing . As ¢ increases, the
solution trajectory fluctuates accordingly, but ultimately stabilizes at the internal equilibrium

point E4. (a) € = 0.1, (b) £ = 0.9.

To analyze the system (3.1), the central manifold theorem is applied to reduce the dimensionality.
Using the linear transformation w = S + gK1 yields the following system:

w=w-gKIH(l - % +ql) — gl(w — gKI) + gK(qgI(w — gKI) — IP — oI — 61?),
I =gwl — ¢*KI? — IP — al - 6,
P =P - h).

(5.4)

Let

X:C»gmLm:HLWL

f~w, 1, P)
I,P) =
f(W, ’ ) (fO(W, I, P)
_(w- W?z — gKI + gwl + ¢*Kwl — ¢’k*I? — gKIP — gKal — gKSI?
gwl — ¢*?KI? — PI — al - 617 '

By transformation, the matrix dx f(K, 0, gK — @) is transformed to block-diagonal with eigenvalues
—1 and 0. Hence, for sufficiently small & and in a neighborhood of (0, gK — @), the locally attracting

critical manifold M, and slow manifold M, are as follows:

My = {(w,1, P)lw = hy(I, P)},
M, ={w,I,P)lw=h(I,Pe),,P) €N},

K(+qI+@* K1+ \[(1+qI+q2 K12 =% (qK I+ K22 +qKIP+qK ol +qKS1+K)) . .
where ho(I, P) = Vv = and h(l, P, €) is a solution of the

partial differential equation
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[, P,&), 1, P) = 8;h(I, P,&) f(h(I, P, &), 1, P)
+ £0ph(I, P, &)g(h(l, P,€), 1, P),

and N is a sufficiently small neighborhood of (7, P).
Explicitly, we have

h(I,P,S) = k() + (k11+ k28+ k3P)
+ (kyI? + ksIP + kel + k7 P? + kgPe + kog?) + . ...

Then, we obtain the following equation:

h*(1, P,
h(l, P, &) — % — gKI + gh(I, P, &)l + ¢°Kh(I, P, &) — ¢’k*I* — gKIP — gKal — gKoI*

= (ky + 2ksd + ksP + kee)(qh(I, P, €)I — ¢*KI* — PI — ol — 61%) + €P(ks + ksI + 2k;P + kse)(I — h).
Through using Maple to compare coefficients, the center manifold expression to second order is

h(I, P,e) = ko + ki1 + koI* + ksIP + . ..

K(gK - K
L LU LSl A L SR S
gK +1 -« (gK + 1 — a)?
_ K(gKo—ad+aq+d)
where k; = _(qlq(—(f+l)2(2qK—an+])'
By local attractivity, it is sufficient to obtain the reduced system of system (3.1):

{ dI = (ql(ko + ki1 + kyI* + ksIP) — g*KI* — IP — al — 61%)dt, 5.5)

dP = eP(I — h)dt.

The function h(1, P, ¢) satisfies h(0, gK —a, 0) = K. In order to make it easier to distinguish between
the stochastic system and deterministic system, we use w,, I;, and P, to represent stochastic system
variables here. Meanwhile, we fix a particular solution (I,d” , P%") of the deterministic system (5.5).

By local attractivity, the system (2.1) could be rewritten in (w,, I,, P;)-coordinates as

dw, = éf_(wt, I, P,)dt + %F_(Wh I, P)dB (1),
dl, = éfo(wt, I, P)dt + %FO(Wn I, P)dB (1),
dP, = gw, I, P)dt + 0,G(w,, I, P)dBs(1),
where
F~(w, 1, P)) _ h(,, P,, &) — gK1I,
FO(Wta I, P) I; ’
Gw, 1, P) = P,.

Consider the deviation &; = w;, — h(l,, P;, €) of sample paths from M.. Tt satisfies an SDE (Stochastic
Differential Equation) of the form

dé& = lf_(fz,lt’ P)dr + ﬂﬁ_(ft»lt, P)dB(1),
: Ve
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and using Ito’s formula, it shows that

f_(é:ta I, P,) = f(h(l,, Py, &) + &, 1, Py) — 01, h(1,, Py, E)fo(h(lt’ P, e)+ &, 1, Py)
— &0p,h(L,, P,, €)g(h(l,, P, €) + &, 1,, P,) + O(0}),

where the last term is the second-order term in Ito’s formula. The properties of invariant manifold
indicate that all terms in f~(&, I;, P,), except the last one, vanish when & = 0. Then, we could
approximate the linearization of f~ at & = 0 by the matrix

A~(I;, P, ) = aw,f_(h(lt’ P, €)1, P,) - aI,]’l(lt, P, 8)0w,fo(h(1t’ P, €)1, P)
- 80P,h(lta P, 5)8w,g(h(lt, P e), 1, P)

2
= 1= 2h(l,, P &) + gl + ¢ K1 = (ki + 2kal, + ks Pl

Since A7(0,¢gK — a,0) = 0,,f (K,0,9K — a) = A~ = —1, the eigenvalues of A~(/,, P,, €) have negative
real parts , bounded away from zero when we take N and & small enough. In the following, the
dependence of A~ on ¢ will be ignored.

Now approximate the dynamics of (&, I;, P,) by the following system:

d&) = LA=(I8, Plngddi + SLF (I, P{)dBy (1),
d];iet — é(qwltdet _ qZK(Itdet)Z _ Itdetp;iet _ a,Itdet _ 5(Itdet)2)dt,

AP = PP/(I% — hydt,

where F (I, P) = F~(0,1, P)|p = K is the value of the diffusion coefficient on the invariant manifold.
Moreover, the process £ is Gaussian with zero mean and covariance matrix X, where X obeys
the equation:

A, P, &)X + XA (I, P,,e)" + Fy(I,, P)F;(I,,P,)" =0,

through calculating, we have

_ -K?
T (- 2ULPE) g1y 2 KT —gl (ky +2ka ] ks P)

As we know, all eigenvalues of A™(/;, P,) have negative real parts, and there exists a locally attracting
invariant manifold X = H(l, P, &) for (I, P) € N and & small enough. Based on this invariant manifold,
define the domain of concentration of paths

B(h) = {(w,1,P) : (I,P) € N.(w — (I, P,&), H\(I, P,&)(w — h(I P, £))) < I},

and stopping times
Tpay = Inf{t > 0: (w,, I, P,) ¢ B(h)},
Ty =inf{t>0:(,P,) ¢ N},

where h, is defined in Theorem 5.3.2 [11].

Then, a conclusion through the Theorem 5.3.2 could be drawn that sample paths of the stochastic
system (2.1) are concentrated in B(h) as long as (I, P,) remains in N. To put it another way, it means
the sample paths under stochastic condition tend to concentrate in a neighborhood of order o, of the

Electronic Research Archive Volume 33, Issue 3, 1667-1692.



1687

invariant manifold M,. Based on this result, rescale time by 7 = ét, the system could be approximated
by its projection

which is also called the reduced stochastic system.

Remark 5.1. This method of reducing the dimensionality of the stochastic system by mapping it to the
slow manifold makes the dynamical behavior of multidimensional stochastic slow-fast systems easier to
analyze, while also ensuring the accuracy of the analysis. For ecosystems affected by natural stochastic
noise and characterized by multiple timescales, the discussion process will not be complicated and the
conclusions are more in line with reality.

In the following, the bifurcation of the reduced system (5.6) will be discussed. First of all, there
are three equilibrium points containing two boundary equilibrium points E;;(0,0), E1,(l12,0) where
PK+6-gki+ \(gk1~2K~6)>~4qhks(gK—a)

2qky

Ko+ htka i) —g? Kh—a—6h > K+o—gky + \/ (g1 —~2 K62 —4qks(gK—)

ghothihtkah )= Kh-a=0h = Note that 0 < h < ik :
1—ksqh 2qka

for E 5.

This subsection mainly focuses on the analysis of the internal equilibrium point E3, as it has more
biological significance. Letu = I, — I,, v = P, — P,, and we have

I, = , and an internal equilibrium point E3(I,, P,) where I, = h, P, =

is an existence condition

{ i =rypu(t) + rpv(t) + Pu(r), v(r)) + %(M(T) +1,)61(7), (5.7)

V= rW(T) + rpv(7) + Ou(7), V(7)) + 02 (W(T) + Pr)é2(7),

where &(1)dt = dBi(1),
1
rit = —(q(ko + 2kih + 3kyh* + 2kshP, — 2qKh) — P, — a26h),
E
1
rio = —(—h + gksh?),
E

1

Y(u,v) = —(—uv + k5qu2v —ou* - quuz + gk, u + qk4u3),
>

11 = Py, 1y =0, O(u,v) = uv.

Performing coordinate transformation u = rcos6 and v = rsin6 on system(5.7), we have

{ i = r(r11c08*0 + 1y sin*6 + (11, + 1) sinfcos6) + %rcoszefl () + oorsin®0é,(7),
Feat

0 = ry1c08%*0 — r1»sin*0 — ry sinfcos6 — \/gsinecos%] (1) + 028inBcosOEH(T).

Based on the Khasminskii limit theorem [14], if the noise intensity of white noise (o7, 07) is small
enough, then the response process r(7),0(t) weakly converges with a two-dimensional Markov
diffusion process. By using the random averaging method, the following Ito stochastic differential
equation is obtained:

(5.8)

dr = m,dt + £1dB, + €12dBy,
dO = mydt + £51dB, + €1,dBy,
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where B,(7) and By(t) are independent standard Wiener processes, (m,) is the drift vector, and

myg
e €n2). S . .
' ®121is the diffusion coefficient matrix.
&1 &
By calculating various coeflicients, the parameters in (5.8) satisfy:

2

s (—0-1 ) ( )
m, = —ry +=r +05),myg = =(r —r
2 8 e 2 ’
2 2
3,0 1 o
2 2 1 2 2 1 2 2 2
&, = —r —+O')8 :_( +O-)8 =&, =0
11 8 & 2/9<22 8 e 2/9<12 21 2

where the average amplitude r(7) is a one-dimensional Markov diffusion process when &7, = &3, = 0.
It means we could obtain the following equation:

dr = ((u, + %)r + %)dr + (s + %rz)%dB,, (5.9)

where )

1 |
H1 = 57’11,#2 = 5(; + (73),
1 o o?

Hy = S(— I+ Py = 3(— + 03).

£ £

From P, > 0, it can be seen that u3 # 0. According to the Ito’s differential equation, the Fokker-Planck
equation of system (5.9) is:

OP(r)
or

M2

1 2
e (R Y o
r 8 r

20r2

(s + %rZ)P(r)). (5.10)

The initial condition is P(r, |rg, T9) — 6(r—ry), T — 7o, Where P(r, T|ry, 7o) is the transition probability
density of the diffusion process r(7). The steady-state density Pgr(r) is the invariant measure of r(7),
and it is the solution of the following degenerate system:

9 M2, M3 1 Ha 5 _
8r(((,u1 3 )+ . )P(r) + 2arz((,lla g )P(r) = 0. (5.11)
By calculating, we could obtain
2 3a o-a M43 1 1,2, 2 A-2
Py =38 7—T2 3 (/J—g)zF(Z - A)(F(E —A))" r (uar® + 8uz)™ 7, (5.12)

where A = 81 + ), T(x) = [~ 7 le"dr.

Based on Namachivaya’s theory [16], when the noise intensity approaches zero, the extreme value
of P (r) approaches the behavior of the deterministic system. We calculate the most likely amplitude
r* of (5.9) so that P(r) has its maximum value at r*, i.e.,

dPy(r) d*Py(r)

dr lr=r =0, Tlrzr*

<0,
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—8us ( —8u3
Buui+uo—pia” 8+ —pia

In addition, P(r) achieves the minimum value at r = 0, which means the system (2.1) is almost
unstable at the equilibrium point E3 when subjected to random excitation. According to the singular

boundary theory, the system (2.1) undergoes P-bifurcation at r = r*.

where r* = < %).

Remark 5.2. Through numerical simulation, as shown in Figure 3, the position of P-bifurcation
increases as |3 increases. Figure 4(a)—(d) respectively corresponds to different values of parameter
s in Figure 3(a). The influence of € is also shown in Figure 3. With the increase of &, the oscillation
amplitude of x(t) and y(t) decreases, where the impact on x(7) is relatively greater.

Remark 5.3. The existence of P-bifurcation indicates that the solution crossing the singularity Q
will follow M3; for a distance before being repelled, then the solution will be attracted by M5;. By
calculating, the equilibrium point E4 on M3; is locally asymprtotically stable. Hence, the solution
converges to the stable equilibrium point Ej.
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Figure 3. (a) The steady-state probability density P (r) and the position r* of stochastic P-
bifurcation at y; = —0.354137, p, = 0.2125, p3 = 0.1,0.15,0.2,0.35, py = 0.1275. (b) The
time responses of the system (5.6) as € changes.
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(©) (d)

Figure 4. (a)—(d): Images of the steady-state probability density P(r) using data of Table 1.

Table 1. The P-bifurcation probability and position in system (5.6).

condition condl cond?2 cond3 cond4
r 0.54 0.66 0.76 1.016
Py (1) 1.4777 1.2065 1.0448 0.7898
u3 0.1 0.15 0.2 0.35

6. Conclusions

In this paper, an stochastic eco-epidemiological model with multi-time scale is mainly studied
through the theory analysis and numerical simulation. First, we take a dimensionless transformation
to system for simplicity. Then based on the stochastic noise, the stochastic items are considered in
order to be more in line with reality. Meanwhile, considering the difference in iteration speed between
prey and predator, paramater € is added to the model. The stability and bifurcation of equilibrium
points on the deterministic system are discussed.

For the system with noise, the existence and uniqueness of solutions is proven by constructing a
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function V, and boundedness is also obtained. Then, the C2-function V and V are constructed to prove
the ergodic property of the solutions by the lemma from [14]. As for the slow-fast dynamics, the
deterministic condition is analyzed. It is obtained that the solution crossing the singularity converges
to the stable equilibrium point £, by geometric singular perturbation theory and center-manifold
reduction considering 0 < ¢ < 1. Applying the theorem from [11], it could be known that sample
paths of the stochastic system are concentrated in the neighborhood of the deterministic one. Finally,
through calculating, P-bifurcation occurs at the singularity, and that’s why there is a delay in the
trajectory at the singularity of the solution. Numerical simulation verified our theoretical results.

Compared with other eco-epidemic systems, it should be noted that the models proposed in this
paper investigate dynamical behavior with multi-time scale and stochastic noises, which makes the
work studied in this paper have some new and positive features. It is also interesting to consider the
effects of the other types of functional response functions, which will be the subject of our further
research. In practical application, the control of disease is also very significant and important. The
discussion of biological control is very extensive. One direction that can be explored in the future is
model predictive control. It can better tackle the scenario involving the uncertainties or disturbances,
and it is worth exploring whether the model predictive control can be used to the proposed model,
such as [17].
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