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Abstract. The present study deals with the dynamical response of an eco-epidemiological model consisting
of prey and predator species having infection in prey population. The inclusion of prey refugia is taken into
account to avoid predator attack. The entire prey population is divided into two parts: healthy prey which
are capable of reproducing following the logistic law and infected prey which is removed by predation or
death before having the possibility of reproducing. This dynamical system assumes that predators form
a dense colony or school in a single (possibly moving) location to encounter a prey and due to that an
encounter between the prey and a single predator is immediately converted into an encounter between the
prey and all the predators. This special type of interaction is approximated by a response function which
is ratio dependent at high predator density. The dynamical responses in terms of boundedness, the local
stability and bifurcation are studied in detail. Numerical simulations are performed at the end in order to

exhibit the dynamical behavior of the present system for the occurrence of limit cycle and bifurcation based
on the analytical results and choice of parameters involved in it.

1. Introduction

In mathematical ecology, one of the newest branch in which simultaneously both the ecological and
epidemiological issues are taken under consideration is eco-epidemiology. Since the beginning of the
ecological studies conducted by Lotka [27] and Volterra [37] and the revolutionary work of Kermack and
Mckendrick [24] in epidemiology, many researchers have been motivated to pursue quite a good number of
research both in case of theoretical ecology and also in epidemiology. Bailey [5] and subsequently Anderson
and May/[4] were there among the pioneers who combined these fields and developed a model of predator
and prey where prey species were affected by some diseases. Later on different types of models of prey and
predator were studied by many researchers [cf. Hadeler and Freedman [15]; Xiao and Chen [39]; Hethcote
et. al [20]] when the disease is present. Chattopadhyay and Arino [7] carried out an investigation of a

three-dimensional eco-epidemiological model system and converted it to a two dimensional one based
upon some basic properties and assumptions.
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One major issue seems to be more realistic is the consideration of the effect of refugia. In nature, some
prey populations try to access to the areas where they can able to save themselves from their predators. This
type of refugia play two important roles, by providing both to reduce the chance of disappearance due to
predation and to dissipate the fluctuations between prey and predators. “In the predator-prey interactions,
sometimes the effects of refuge afford the prey some degrees of protection from predation and reduce the
chance of extinction due to predation” [Kar[23]; Huang et. al [21]]. Hassel [19] showed that “by adding a
large portion of refuge to a model, which exhibited divergent oscillations in the absence of refuge, replaced
the oscillatory behavior with a stable equilibrium”. “In eco-epidemic model it is obvious that if the predator
consumes the infected prey it will surely allow the susceptible prey to survive but may drive the infected
prey to extinction due to over exploitation. Thus, infected prey can decrease their predation risk by using
refuge. The effect of constant proportion of refuge on eco-epidemic models has been studied in” Sharma
and Samanta [35]], Pal and Samanta [32] and Kar [22].

The most interesting thing in a prey-predator system is that the choice of transmission rate of disease
and the functional response of predator population which describes the number of prey consumed per
predator per unit time. So the transmission rate of disease plays a key role in mathematical model of
infectious disease. It is continued by numerous fields and laboratory experiments and observations that in
many situations, especially where the predators have to search for foods, a more realistic general predator-
prey theory should be based on the so called ratio dependent theory [Adriti et. al [1]; Adriti and Saiah[2];
Hanski [18]]. Dubey and Upadhyay [10] suggested a “two predator one prey system with ratio dependent
predator growth rate to look into the cases: local stability, instability and global stability of the non-negative
equilibriums together with the discussion of permanent co-existence of the three species”. Itis not the actual
biological scenario that one predator will always attack or consume one prey only. Sometimes a group of
predators, foraging in line abreast formation, might combined upon contact with a school or herd of preys.
Cosner[9] proposed a response function, keeping the said type of interactions in mind which converts the
encounter between the prey and a single predator into an encounter between prey and all predators so that
the total number of encounters picks up another factor of P as E = egNP?.

It is always very much desirable to consider a critical factor time delay for any biological and ecological
systems to make the model convenient more to the reality of the system [Pulvirenti et. al [33], Ferrauto et.
al [13], Chuan et. al [8] and Demou [11]]]. Due to Kuang][25], consideration of time delay is necessary for di-
gestion of the food of the animals before taking their next activities. Detailed arguments on the importance
and usefulness of time-delays in realistic models may be found in the classical books of Macdonald[28],
Gopalsamy[14], and Kuang[26]. Zhu et. al[42] analysed the effect of time delay on an eco-epidemic model.
Shuxue et. al [36] investigated a delayed eco-epidemiological model with disease in predator and saturation
incidence. Agaba et. al[3] analysed the dynamics of infectious disease with a concurrent spread of disease
awareness. They also investigated the effects of time delay in response of unaware individuals toavailable
information on the epidemic dynamics by establishing conditions for the Hopf bifurcation of the endemic
steady state of the model. Wanjun et. al[38] studied Hopf-bifurcation of a delayed eco-epidemic model
with ratio dependent transmission rate. Zhang et. al[41] also analysed permanence and hopf-bifurcation of
a delayed eco-epidemic model with Leslie-Gower Holling Type III functional response. Mondal et. al[29]
studied a delayed eco-epidemiological pest plant model with infected pest. Keeping all these studies in
mind, it is felt that “Ordinary Differential Equation”, which is the heart of Mathematical biology, should be
replaced by “Delay Differential Equation”.

In this paper the prey population has been classified into two categories, namely susceptible and infected
prey. this investigation is addressed the dynamical behaviour of a ratio-dependent predator-prey system
with infection within the prey population. Pal and Samanta [31] have assumed the effect of refuge in the
infected prey population only and they have taken Michaelis-Menten functional response to describe the
predator-prey interactions. But the current study includes the effect of refuge in the infected as well as
susceptible population also. Holling type- Il response functions with consideration of a group of predators
foraging in line abreast formation (used by Cosner[9]) have been made use of in the present study. The
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boundedness of the system along with the existence and stability analysis have been explained elaborately
and also the condition for co-existence of all three types of species are studied. The Hopf-bifurcation
criterion has been derived in terms of the prey refuge effect and encounter rate per predator per prey
unit time as bifurcation parameter. The current epidemiological model will be discussed with the effect of
discrete time delay. At the end the numerical results are produced to support the analytical outcomes of
the present model.

2. The basic mathematical model

Before introducing the eco-epidemiological model, we shall first describe the assumptions we have
taken into considerations:

1. Our proposed system consists of a single prey and a predator species. The prey species is divided into
two classes in the presence of disease: one is sound or susceptible prey whose population biomass
at time T is S(T) and another one is infected prey whose population biomass at time T is I(T). The
predator is of population biomass Y at time T.

2. Susceptible prey population grows according to a logistic law with carrying capacity K(K > 0)
involving the whole prey population(susceptible and infected).

3. Weassume the disease is spread among the prey populations only and therefore the disease isn’t genet-
ically inherited. The infected prey populations don’t recover or become immune. Many researchers
have assumed a classical mass-action principle incidence to explain the infection mechanism. it’s
going to be noted that if the degree of the infectivity increases, many other mechanisms often inherit
the image. Therefore, it's more reasonable to vary the straightforward mass-action principle term by
a Holling type- II term so as to possess a transparent insight of the infection.

4. The predators consume both susceptible and infected prey population according to Cosner[9] type
of functional response. This is a special type of functional response which derived the fact that
it increases with predator population. If predator acted for foraging individually, the functional
response could follow a higher rate of predation of prey per predator.

5. To protect the prey populations (susceptible and infected, both), we construct our model by incor-
porating a refuge protecting mS and ml of the susceptible prey and infected prey respectively, where
m € [0,1) is constant. This leaves (1 —m)S and (1 — m)I of the susceptible and infected preys available
to the predator.

6. It is also admissible to assume that the incubation period or response time for the predator mass will
not be instantaneous, but arbitrated by some discrete time lag 7 necessary for incubation.

On the basis of the above assumptions a three species model involving discrete time delay is considered:

s S+1 C1(1 — m)P? Al

aT S{R(l_ K )_A+(1—m)(S+I)P_B+S}'

il AS Ca(1 = m)P?

ar - I{B+S_A+(1—m)(S+I)P_y}’ M

aP P{e(l —m)(CiS(T-1) + GIT -))P(T 1) D}
dT ~ "UA+ @ =m)(S(T -1)+ LT -1)P(T - 1)

where, S is the number of susceptible prey, I the number of infected prey population, P the number of
predator population, R is the intrinsic growth rate of susceptible prey, K is the ecosystem support or envi-
ronmental carrying capacity, A is the rate of transmission from susceptible prey population to infected prey
populations, y is the death rate of infected species due to disease, C; and C; are extreme predation rates
of S and I, A is the half saturation constant, C;(1 — m) and C,(1 — m) are the conversion rates of S and I,
m(0 < m < 1) is the prey refugia, D is the death rate of the predator, B is the half saturation constant and e is
the encounters rate predator per prey unit time in the above mentioned model and 7 signifies the reaction
time or maturation period of the predator P.
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I p
Now we make the model dimensionless by using s = X ;i= Y% ;1 =KT.

Using this substitutions in our epidemiological model system we get

ds S . cr(1—my? li

i Sf(szlzy)—S{r(l_(s+1))_g+(1—m)(s+i)y_b+S},

di s ol = m)y”

T lg(s'lfy)_l{b+s_a+(1—711)(5+i)y_ } N
dy

e(1 —m)(c1s(t — 1) + c2i(t — T))y(t — 1) B }

= yhsiy) = y{ a+(1—m)(s(t—1)+i(t— 1)yt — 1)

along with the dimensionless initial data s(0) > 0, i(0) > 0, y(0) = 0.

The remaining dimensionless parameters are defined by

T’_E'C _&'C
_K/l_Kr 2 —

_G A _ A _B Y _D
T A i A L d
In the above mentioned model, we denote by C the Banach space of continuous functions ¢ : [-7,0] — R3
with

Il = sup {[gal, [P, [Psl}

—T<p<0
where T = max{ty, 72} and ¢ = (1, ¢, P3). As usual, the initial conditions of the system (2) are given as

s(P) = ¥1(9), i(P) = ¥2(¢), y(¢) = Y3(¢), ¢ € [-7,0] ©)

where the initial function ¢ = (i1, 2, gbg)T belongs to the Banach space C = C([-7,0], R3) of continuous
functions mapping the initial [-7, 0] into R*. For biological reasons, the initial functions are assumed as

Yi(p) 20,90 €[-1,0],i=1,2,3 4)

By the fundamental theory of functional differential equation Hale ([16], [17]), it can be proved that there is
a unique solution (s(t), i(t), y(t)) to system (2) with initial condition . We further assume that ¢;(0) > 0 for
i =1,2,3 for a biological feasibility.

3. Positivity and Boundedness of the system

Here, we shall discourse the positivity, boundedness of solutions of the system (2) and study of equilib-
rium of the corresponding system. The subsequent theorem ensures the positivity and boundedness of the
underlying system.

Theorem 3.1: Each compartment of the solution of the delayed system (@) with initial conditions
and (@) is positive and bounded in the interval [0, +0).

Proof: Since the right hand side of the system (2) is completely continuous and locally Lipschitzian on C,
the solution (s(t), i(t), y(t)) of @) exists and is unique on [0, &), where 0 < £ < oo (Hale [17]).

The model (2) can be written in the following form:

S =(s,i,y" € R, W1(9), Y2(9), Y3(9)) € Cs = ([-7,01, R), ¢1(0), 2(0), 3(0) > 0.

, c1(1 — m)y? li
Fie.i9) S(t){r<1_(s+z))_a+(1—m)(sz+i)y_b+s}
r . Is (1 —m)y
F(S) =| Fa(s,i, = — —
©) [ F;Ez, ;, g; ] l(t){b +s5 a+(1-m)s+i)y n}

e(1 —m)(cis(t — 1) + cpi(t — 1)) y(t — 1) p
a+ (1 -m)s(t—1)+it—T)y(t—1) }

y(of
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Then system (2) becomes

S = F© ()
Whenever 5(¢) € C, such thats =0,i =0,y =0, and letting S; = S(¢ + 1) = (s(¢p + 1),i(P + 1), y(P + t))T, then
it is easy to check that

F1(S)ls=0,5,ec, =20, F2(S)liz0,5,ec, =0, F3(S)ly=0,5ec, =0

Using the lemma in Yang et. al [40] any solution of (5) with S(¢) € C,, say S(t) = S(t, S(¢)), is such that
S(t) € R3 for all t > 0. Therefore the solution of the system of equations (5) exists within the region R3 and
each solution remains non-negative for each t > 0. Consequently, the positive orthant R? is an invariant
region.

Now we assume, Wy (t) = es(t) + ei(t) and 17 > 0 be a constant.

Then
d%2m4qhwan = es'(t) + e (1) + mes(t) + mei(t)

= es(r+m) —ers* —ersi —ei(n — 1)
< es(r+m) —ers®
B , T+m P2y T2
= s - s+ > )1+ ( > ) er
_ r+m\2  e(r+m)?
- er(s 2r ) * 4r
e(r +m)>

Hence, Wi(t) + mWi(t) < —% - pi(say)

Applying a theorem on differential inequalities Birkhoff and Rota([6]]), we obtain

0 < Wi(s(h),i(¥)) < %+Wﬁgﬂm

andfort—>oo,0<W1§¢;—i.

Let us define a function Wy(t) = es(t — 1) + ei(t — 7) + y(t) and > > 0 be a constant. Calculating the
time derivative of W,(t) along the solution of (2) we obtain

% +mWa(t) = es'(t—1)+ei’(t — 1) + Y (t) + nees(t — T) + neei(t — 7) + nay(t)

= e(r+m)sit—r) - ers’(t — 1) —ers(t — 7)i(t — ) — e(n — m)i(t — 1) = (d — n)y(t)

< e(r+m)st—1)— ers’(t — 1)
2

= —er(s(t -T)— 4 *2‘r772 )2 + elr ';71)

2
—sﬂ%m:mww
AW, (t)

i < pa — m2Wa(t) (for large time t) Therefore, as t — 00,0 < W3 < %
Thus, solutions of system (2) enter into the region

B = {(s,i,y):0<es+ei+y<%+e,for any € > 0}
2

Hence system (2) is ultimately bounded.
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4. Equilibria

In this section, we discuss the existence of various equilibrium points and stability behaviour of system
(2) at those equilibrium points to determine the persistence of a biological system. System (2) has the
following non-negative equilibrium points:

1. Two equilibrium points E;(0, 0,0) and E»(1, 0, 0) always exist.

2. One predator free equilibrium: Ej;(s3,i3,0) where s3 = % and i3 = % E; is feasible, pro-
vided I > n(b + 1) which means that the rate of transmission from susceptible to infected prey populaton

must exceed some threshold value which depends on the death rate of infected prey.

3. One infected prey free equilibrium: E4(s4,0, y4) where s4 = m and yf; + Hy + G = 0 such

thatH = —m and G = (1—m[;§(+i—d)2' E4 is feasible provided ec; > d and 4er(1 —m)(ec; —d) < 27d> which

means that capturing rate must exceeds a threshold value which depend on the death rate of the predator.

4. One coexistence equilibrium point: E.(s., i., Y.)
Heres,, i, and y. are the positive solutions of the system of algebraic equations given below :

. e (1 —m)y? .
r{l_(s*ﬂ*)}_a+(1—m)(s*+i*)y*_b+s* =0
1- 2
blj* _ co(1 —m)y; .= 0 ©)
s.  a+(1—-m)s. +i.)y.
e(1 — m)(c18+ + c2t)ye i = 0

a+ (1 —m)(s. +i.)y.

Solving (6) we get v, = g{rs*(l —8.) — i.(rs. + n)}, and s + As, + B = 0 where A = W, B =
co{(I4+br)i.—br}—bncy
Cot

. Now, A > 0 and B < 0 must hold to get the feasible S. and this condition implies (1 — b) —

c1(l-n) . _br_ bncy
Cor <L < I+br + co(I+br)*

75.(1 —8,) > i.(rs. + 1)

Clearly, the interior equilibrium point E. is feasible provided ! < n + 27(1 - b) and

4.1. Dynamical Behavior

Here, we investigate the local behavior of system (2) around the steady states defined above.
At the trivial equilibrium points E;(0, 0, 0) and Ex(1, 0, 0):

Theorem 4.1.1 E; is always a saddle node and there cannot be total extinction of the system (2) for positive
initial conditions. Suppose ! < n(1+b), then the equilibrium point E; is asymptotically stable in s—i—y space.

Proof: The characteristic equation of the Jacobian around the trivial equilibrium E; (A —r)(A + n)(A +d) = 0.
This implies that at this equilibrium point two of the eigen values are negative and one is positive. Hence
E; acts as a saddle node.

Now, the Jacobian at the equilibrium E,(1,0,0) is given by

—r —(rl+ ﬁ) 0

VE)=| 0 -

b+ 0
0

—d

o
S -
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The characteristic equation of the Jacobian matrix around E; is given by (r+ A)(d + /\)( | —(n+ A)) 0. As-

sumption of the theorem implies that all the three eigen values are negative and hence the theorem is proved.
At the predator free equilibrium E;(s;, i3, 0):
Theorem 4.1.2: Suppose | > n(b + 1). Then boundary equilibrium Ejs(s3, i3,0) is locally asymptotically

stable.
Proof: The Jacobian at the boundary equilibrium Ej is given by

O
N R

V(E;) = 21 2
’ 0o o0 m®

33

where all ml(.?s are given as follows

@) lig (3) l ©) 3) Ibis
m: =s3| —r+ my, = —ss(r+ , my =0, my’ = ,
=5 (b+s )2) o b+s ), i3 27 (b + 552
m(zg) 0, m(s) 0, m(331 0, m(S) 0, m(3) =—d.

The characterlstic equation of the ]acoblan matrix around Ej is given by
( (3) — A (m(lei) (3))A + (m (3) —-m 3)111 )} 0

Hence the eigen values are respectively A, A, and Az such that
A= =—d
@, 06 _ lig

/\2+A3—m +my, = 53( +(b,+53)2)

@, 0 _ 0,0 _ _1bsis
Aoz = mymyy —myimyy = @ +S3)2(r 5 +53)
The assumption of the theorem implies that r > b{f’ and hence all eigen values will have negative real part.
Therefore the equilibrium point becomes asymptotlcally stable.

As stability of this boundary point implies extinction of the predator population, the rate of transmis-
sion from susceptible to infected prey population plays an important role for existence of predator.

At the infected prey free equilibrium E4(s4,0,y34) :

2

27
Theorem 4.1.3: If 0 < 54 < % and ae’cirsy > d(ec; — d){ae + (1 — m)}y3 hold good, then Eq(ss, 0, y4)
lS4 C2(1 - m)yi

holds then E
b+54<n a+(1—m)ssyy olds then £

becomes asymptotically stable in s — y plane. Moreover, suppose

becomes asymptotically stable in s — i — y space.
Proof: At the infected prey-free equilibrium E4(s4, 0, y4), the Jacobian matrix is

LB @
11 (142) 13
V(Es) = 0 %2) 0
o®
32

31 33

where all vl(,;l)s are given as follows

o®
n

e (1 —m)y3 o

a(l- m)zyi l
{a+ (1 —m)syyaf? ]

_54[—r+ {a+(1—m)s4y4}2_b+s4'
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@ _  a( —m)syyai2a+ (1 —m)saya} )

137 a+(1- m)54y4}2 O =0
(4) [ lS4 C2 1 m)y4 _ ] _ _ aecl(l - m)]/i
b+ss a+(1- m)Sala g 23 0. 31 {a + (1 — m)saya)?’

@ _ e —m)ac; — (1 —m)(c1 — c2)saya) vi @ _ aeci(l—m)syy,

2 {a+ (1 —m)syyal? TB T a4 (1= m)saya)’
The characteristic equation of the Jacobian matrix around E4 is given by

2= D - 6 o el - o) = 0

Clearly at this equilibrium point E4(ss,0,ys) when inequalities ae?
27512
0 < s4 < —— hold then two of the eigen values have negative real part and hence this equilibrium point

cirsy > d(ect — d)lae + (1 — m)y2} and

becomes stable in s —y plane. Moreover the last assumption of the theorem implies that E4 is asymptotically
stable in (s, i, y) space.

As stability of the boundary point implies extinction of infected prey population, prey refuge size plays a
major role for existence of the infected prey.

At the coexistence equilibrium point E.(s,, i., y.):
We derive the following theorem to study the stability characteristics around the co-existence equilibrium
E.. The Jacobian matrix at the endemic equilibrium E, is given by

.
Y14 vlz 013

,Z)’(>
V(E) = 21 vzz 023
31 U Us

where all o values are given as follows:

o= e s c1(1 = m)?s.y3 N Is. i,
u Tofa+ U =m)(s. + i)y (b+s0)?
0 = —rs, (1 - m)zs*y? s, /
{a+ @A —m)(s.+i)y.}> b+s.
. c1(1 —m){2a + (1 — m)(s. + i)Y }S. e
B=7 {a+(1=m)s. + iy '
o b, o1 — miP

O T (b +5.)? - {a+ 1 =m)s. + i)y’
. (1 —m)iy?
2T W - mG. + Ly
c2(1 —m){2a + (1 — m)(s. + L)y bia e

*

3= {a+ (1 —m)(s. + i)y '
. e(1 —m){acy + (1 — m)(c1 — )iy }y?
31 = {a+ 1 —m)(s. +1i.)y.)2 ’

_e(l —m)lac; — (1 = m)(c1 — c2)s.y.Jy>
- {a+ @ —m)s. +i.)y.}

ae(1 — m)(c15. + C2ix) Y«
T g (- ms. + i)y P

7
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The characteristic equation of the Jacobian matrix around E. is given by

A+ AN+ AA+A3=0

where
A o= _(vil + Uy + U§3>r
Ay = (0h0 + Vi — Uity ~ Uaath),
Az = (1’120537)31 + 0130 U3 — V)1 UpUs3 — UpU VagWints — 0137);1”52)

= —det(V(E.))

Again, A= A1A2 - A3
Now, this endemic equilibrium point E. becomes asymptotically stable by the application of Routh- Harwitz
criterion.

Theorem 4.1.4: E, is locally asymptotically stable if and only if A; > 0,A3 > 0and A > 0.

4.2. Global stability analysis at E.(S., i., .)

To show E.(s., i, ) is globally asymptotically stable in s — i — y space we use the Lyapunov function L.

Theorem 4.2.1 Let L = i(s — s.)> + 3(i — i.)* + 2(y — v.)> where ay,a, > 0 are to be chosen properly

dL
such that d_TlE” = 0 where E.(s.,i,,y.) and L = L(s,i,y) > 0 V¥(s,i,y)/{E}. The time derivative of L is

L L
Upli_t <0 VY(s,i,y) € I'". It then follows that Z—T =0, Y(s., i, y.) € I'" implies that E, of the system is Lyapunov

stable and j—; <0, Y(s,i,y) € T" near E. implies that E, is globally stable.

dL ds .. di dy
Proof: E =(s— S*)E + (i — L)E + az(y - y*)E
Now by substituting equations of the model (2), we get

dL . c(1- m)sy2 lis
dat (S_S*)[Ts{l_(s+l)}_ a+(1-m)s+iy b+s]
N c2(1 = m)iy* ‘
(i - Z*)[b +s a+(1-m)(s+ iy - m] *
e(1 — m)(c1s + cai)y?
Mw_%ﬂu+ﬂ—mm+0y_ | @
Then equation (7) becomes
dL . ci(1-m)y’ li
i (s—s*)[r{l—(sﬂ)}— T A-mG Ty - b+s](s—s*)+
0 s (1 — m)y? o
i l*)[b +s a+(1-m)s+iy n](l —h)
wr(y - y*)[e(l —m)(c1s + i)y d]( ) ®)

a+(1—-m)(s+iy
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By rearranging, we obtain

L . ci(1—m)y? f
E_—(s—S*)z[V{_1+(S+l)}+g+(1—m)(5+i)]/ b+S]
N Is ol - m)yz
ar(i—i.) [_ b+s +a+(1—m)(s+i)y+n]_
a(y -y - L d] ¥

a+(1—m)s+iy

Thus, it is possible to set a1, a; such that % < 0 and the equilibrium point E. is globally stable.

4.3. Hopf Bifurcation analysis at E.(s., i., )

For the above mentioned system the study of Hopf bifurcation is very much necessary. Basically bifur-
cation analysis deals with structurally unstable system and it is a branch of Mathematics that confirms a
definite qualitative changes in the dynamical systems with respect to some parameters. A small change in
parameter generates a topological change and therefore ensures the change in stability which means disease
may be either endemic or fluctuating or controlled. Our main aim is to check whether Hopf bifurcation
occurs in present dynamical system and to identify the parameter m which has a core role in varying the
dynamics.

The characteristic equation of the Jacobian matrix around E.(s., i., ¥.) is given by

A2+ Ay(m)A? + Ap(m)A + As(m) = 0 (10)
where
Ar(m) = (07, (m) + v, (m) + v3,(m))

A(m) = (v}, (m)v, (1m) + 04, (M), (m) = U3, (m)03, (1) — V5 (m)0}, ()

and

As(m) = (07, (m)0, (m)03 (1) +0},(m)03, (m)3, (m)—0% | ()0}, ()05 (1) =03, ()03, (M), (1)~} (1), (1), (1))
In order to observe the existence of instability of system (2), let us consider m as bifurcation parameter. For
this purpose let us first state the following theorem:

Theorem 4.3.1(Hopf Bifurcation Theorem): According to Murray [30] A;(m),i = 1,2, 3 are smooth functions
of m in an open interval about m* € R such that the characteristic equation has

(i) a pair of complex eigenvalues A = &(m) + iC(m) (with &(m),C(m) € ‘R) so that they become purely
dé

imaginary at m = m* and el #0

(ii) the other eigen value is negative at m = m"
Then a Hopf bifurcation occurs around E, at m = m" (i.e. a stability change of E. accompanied by the

creation of a limit cycle at m = m").

Theorem 4.3.2 System (2) undergoes a Hopf bifurcation around E. when the number of prey refuge m
crosses a critical value m” provided A;(m*) > 0, A3(m") > 0 and A, (m"*)Ay(m*) = Az(m”).

Proof: For m = m", the characteristic equation of the system at E;, becomes
A2+ A)A+A) = 0

providing roots A1y = iVAz, A, = —iVA; and Ay = —A;. Thus there exists a pair of purely imaginary
eigenvalues and a strictly negative real eigenvalue. Also A;(i = 1,2, 3) are smooth functions of m. So, for m
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in a neighbourhood of m*, the roots have the form
A1(m) = uy(m) + iup(m), Aa(m) = uy(m) — iup(m), Az = —uz(m)(As(m) = —A1(m)) where u;(m),i = 1,2,3 are real.
Next we shall verify the transversality conditions: %(Re()\i(m)))lm:m* #0,i=1,2.
Substituting A = u1(m) + iup(m) into the characteristic equation we get
(u1 + iup)® + Ar(uy + i) + Ao(uy + i) + Az = 0 (11)
Now, taking derivative of with respect to m, we get,

3(M1 + iu2)2(u'1 + Zuz) + 2A1(u1 + iuz)(u'l + IMZ) + Al(ul + iuz)z + Az(]jl + luz) +

Ay(uy +iup) + Az = 0 (12)

Compairing real and imaginary parts from both sides of (12):

Pitiy — Patiy + P35 = 0 (13)

Pty + Pyl + Py = 0 (14)
where

P = 3(u% - u%) +2A1u1 + Ay, Py = 6uiuy + 2A1us,

Py = A1(u —ud) + Aus + A3, Py = 2A1u1up + Asty (15)
From and (14), we get

i PPy + P1Ps (16)

P2+ P}

Now, P3 = A'l(u% —u3) + Aoug + Az # Al(u% —u3) + AsPy + A1Ay + ArAq, atm =m*:
CaseI: 41 =0, up = VA,

Py = =2A;, Py = 2A1 VA, P3 # AyA1, Py = Ay VA,

PyPy + P1P3 # 2A1A0A; — 2A1 424, = 0

So, PoPy + P1P3 # 0atm = m*, whenu; =0, uy = VA,.

CaseIl:uy =0, uy =— VA,

Py = =2A;,P, = =2A, VA3, P3 # AyA1, Py = —Ar VA,

P,P, + P1P5 # 2A1A3A; —2A1A2A, =0

So, PPy + P1P3 # 0atm = m*, whenu; =0, u, = —VA,.

PyPy + P1P3

P% + P% ‘m=m* #0

d
Therefore, %(Re()\i(m))ﬂm:m» =-

and uz(m*) = —A1(m*) <0

5. Stability of the model in presence of discrete delay

The system has the same equilibria as in the case of non-delay. The main purpose of this section is to
study the stability behaviour of E.(s., i., ¥.) in the presence of discrete delay (7 # 0). We linearise our system
by using the following transformation:

Se =Sy + U, b =1, +0,W, =W, +W
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The linear system is given by

du

- = AU®M+BUE-1) (17)
where U(t) = [uvw]’, A = (aij)3><3,B = (bij)3x3 gnd

apn =r(1—2s, —i. )— C—l 2(1 - + i*y*) - (bl_f—l;)z,ﬂlz (;f bis*)s*'

ay3 = pz ,,y*( +P) iy = z{ﬁ(l -3 is) + %}

toy = bl% B clzjz (1 fm + y*s*) -1,y = —%(1 fm +P) and all other a;; = 0

by = egzig*lcl +(c1 — ¢2)i. ]/*), by = eng(lczll +(c2—c1)y.s *)’

by = P(l—)(cls* + c21.) and all other b;j = 0

+ (Ss + 1)Ys

We look for the solution of the model of the form U(t) = peM, p # 0 € R. This leads to the following
characteristic equation:

where P = 1 a

A+ A% + A + A% +agd +a5)e™™™ = 0 (18)

where, a1 = —a11 — a2; 42 = a1182 — d12a21; a3 = —bss; a4 = a11b33 + axnbsz — ax3bz — M13b31;

a5 = a11ax3b3y + A12021b33 + A130220531 — A11822033 — A12023D31 — A13021D3:.

It is well known that the signs of the real parts of the solutions of characterize the stability theorem of
E.. Therefore substituting A = & + in in we obtain real and imaginary parts, respectively as

E =3 + mE* — P + apé + 6_&[(013(52 — @31 + ayé + as) cos Nt
+(2a3&n + a4n) sin 171] =0 (19)
and
382 — P +2a1En + aan + e“ET[(Za35n +asn) cos Nt
—(a352 - a3172 + a4& + as) sin r]T] =0 (20)

A necessary condition for a stability change of E. is that the characteristic equation 8) should have purely
imaginary solutions. Hence to obtain the stability criterion, we get & = 0 in (19) and (20 . Then we have,

mn* = (—a3n’ +as) cosnT + agnsinnt (21)
-’ +ayn = (—azn® +as)sinnt — auncosnt (22)
From (2I) and (22) we have,
. 1 2(as — maz)n? + (aras — aga 2
00 —cos‘l[n {(as — maz)n” + (mas 24)}] 2

agn? + (as — azn?)> 1
n=0,1,2,..., where T ) is the nth solution of . Eliminating 7 from 1) and . we get
+din* +don’ +d3 =0 (23)

where dy = a3 —2a, — a3; dy = a3 + 2a3a5 — a3; d3 = —a%. Now, we put 71> = ¢ then the above equation becomes

03 + d102 + dQO‘ + d3 =0 (24)
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This is a cubic equation in 0. By Decarte’s rule of sign we can say that the equation has at least one positive
real root. If o is the positive root, then = + 4/o;. Let us state a lemma:

Lemma 5.1: Consider the exponential polynomial

P(A, e, e, ey = AT 4 p O 4 p @ A4 pY)

+[p(1))\"_1 o pil_)lA + p,(})]e‘“’ ot [p(lm)/\"‘l o+ p;”i)l/\ + pfqm)]e‘“'"

where 7; > 0(j = 1,2,...,m) and pl(.j)(j =0,1,..,m;i=1,2,..,n) are constants. As (11, Ty, ..., Ts) Vary, the sum
of the order of zero of P(A, e, e7"%, ..., e™"™) in the open half plane can change only if a zero appears on
or crosses the imaginary axis.

Proof: The lemma has been proved by Ruan and Wei[34].

Considering 7 as a bifurcating parameter, a Hopf-bifurcation around the interior equilibrium point E.
is discussed in the next theorem:

Theorem 5.1: Suppose that E. exists and is locally asymptotically stable for our system with 7 = 0.
Also let 0. = 1% be a positive root of .
1. Then there exists T(f) = 7" such that the interior equilibrium point E. of the delay our system is
asymptotically stable when 0 < 7 < 7* and unstable for 7 > 7".
2. Furthermore, the system will undergo a Hopf bifurcation at E, when 7 = 7%, provided C(n)F() —
DmG(n) > 0.
Proof: Since 1 is a solution of equation (23), the characteristic equation has the pair of purely imaginary
roots +irg. From equations and 1} Tﬁf) is a function of 19 for n = 0,1, 2, ..., which is given by

[TIS{(LM — maz)n} + (aras — a2a4)}] 2nm

agng + (as — as1g)? o

(25)

1
= —arccos
7o

e

Now the system will be locally asymptotically stable around the interior equilibrium point E;, for T = 0, if
conditions of Theorem 4.5 holds. In that case by Lemma 5.1 Eg;;, will remain stable for 7 < 7%, such that
()

T =mint.
n=0

Also it is easy to verify the following transversality condition
d
d—T[Re{/\(T)}]T:T* > 0
Differentiating equations and with respect to 7 and then putting & = 0 we obtain

d
oG +DWF = E)

d& dn
—Dm—+Cmg = G (26)
where
Cn = —31]2 +ay + a4 cos T — agnT sinnT + 2a3nsinnt + a3n21 cosnT
D(n) = —2a11—2a310C0SNT + a4 SINNT + A4NT COSNT + a31>T SINNT — asT sin T (27)
Fin) = —a3r]3 sinnt + asnsinnt — amz cos Nt

G(n) = asn®sinnT +asncosnt — azn’ cos Nt
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Solving the above system,

_ [C(U)F(n)—D(n)G(n)]
=T C2()+ D) He=vn=n’

4 [Rela)]

dt
which shows that

% [RE{A(T)}]T:T*,F’IO 70

if
C(mE@m) — D(mG(n) >0

Therefore, the transversality condition is satisfied and hence Hopf bifurcation occurs at 7 = 7*. This
completes the proof of the theorem.

6. Estimation of the length of delay to preserve stability

We examine the system (2) and the space of all real valued continuous functions defined on [7, o]
satisfying the initial conditions on [-7, 0], we linearize the system (2) about its interior equilibrium E.(s., i., ¥.)
and get

d—u = Quu+Viv+Qw

dt

Z—Zt) = CDzu + \112'0 + sz

dw

E = CI>3u(t - T) + ‘I]3U(t - T) + Q3Zl)(t - T) + Yw

(28)

a(1-=m)y*@+ (1 — m)i.y.) Ibi,
@+ @ =m)(s. +i)y)?>  (b+s)?
a(1-mpy? Is.
@+ 1 —m)(s. +i)y)? b+s.
_a(l =m)y.(2a + y.(1 — m)(s, + 1.))
- @+ (1 —m)(s. +1.)y.)?
b (1 —m)ys
(b+s)2  (a+1—m)s. +i)y.)?
s o -myia+ (1 -m)s.y.)
T b+s. @+(A-m)s +i)y)?
_ (1 -my.(2a + y.(1 — m)(s. +i.))
- @+ 1 —m)(s. +1i.)y.)?
o e(1 - m)(cla +(c1 — )1 - m)i*y*)
3 — s
(a+ @ —m)s. + z;)y*)z
e(l1-— m)(cza + (2 —c) - m)s*]/*)
W3 = 5 ,
(a+ @ -m)s. +i)y.)

1_ aly. >(»+ .xv
Q, = e(1 — m)ay.(cis czz)/

(a+ 1 =m)s. + i*)y*)2

where ®; = r — 2rs, — ri, —

W, = —rs. +

O

7

@, =

W,

7

(0]

7
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e(1 — m)(c18+ + c2i)
Y= — —
a+ (1—m)(s. +i.)y.
s(t) = s. +u(t),i(t) = i. + v(t), y(t) = y. + w(t).
Now considering Laplace Transform of the system(27), we get,

7

(p — P)u(p) W1o(p) + Qw(p) + u(0) (29)
(p — W2)u(p) Dy1u(p) + Qow(p) + v(0)
p-Y-Qzew(p) = Dsup)e™ +Ws0(p)e™ ™ + Kie P ki(p) + Kae P ko (p) + Kse P ks(p)

e(1 = m)(cra+ (e — c2)(1 = m)icy.)

(a+ @ =m)s. + lg)y*)2
e(l - m)(cza +(c2 —c1)(1 = m)s*y*)

(a+ @ —m)s. + z;)y*)z

e(1 — m)ay.(c15. + cai.)
K; = ,

(a+ (= m)s. +i)y.)

0 0
ki(p) = f e Prut)dt, ka(p) = f e Ptutdt, ka(p) = f e Prw(t)dt

and u(p), z_JT(p), w(p) are the LaplaceT Transform of u(t), v(t), ;U(t) respectively.

Now we apply the "Nyquist Theorem” which states that if s the arc length along a curve encircling the
proper half of the plane, then a curve x(p) will encircle the origin variety of times adequate to the difference
between the amount of poles and therefore the number of zeros of x(p) within the right half the plane.
From the above equation and using "Nyquist Theorem”, it are often shown that the conditions for local
asymptotic stability of E.(s., i., y.) are given by

where K; =

ImH(ino) > 0 (30)
ReH(ing) = 0 (31)

where H(p) = p® + a1p? + agp + (a3p? + asp + as)e™P* and 1 is that the smallest positive root of equation (30).

Itis already presented that E.(s., i., y.) is stable in absenteeism of delay. Hence, by continuity, all eigenvalues
will still have negative real parts for sufficiently small 7 > 0 only if one can warranty that no eigenvalues
with positive real parts bifurcates from infinity as 7 increases from zero. This will be proved by using
Butler’s lemma (Erbe et. al[12]).

In this case conditions (29) and (30) give

ayio — 15 > (as — asip)sin(1oT) — aanocos(not) (32)
alné = (as — a;:,f]%)COS(ﬂ()T) + a41nosin(not) (33)

Now, (31) and (32), if satisfied at the same time, are sufficient conditions to ensure stability. We shall utilize
them to urge an estimate on the length of delay. Our aim is to repair an boundary 7. on 7, independent of
7 in order that (31) holds for all values of 17,0 < 1 < 17, and hence especially at = 1.

Now maximizing,

(as — ayy%)cos(nof) + a4nosin(noT) (34)

subject to |sin(no7)| < 1, |cos(net)| < 1, we obtain

ayn? < las| + las|n? + laslno (35)
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Hence, if
las| + +/laal? + 4las|(a; — las])
N+ = (36)
2(ay — las))
Then clearly from (35), we have 1 < 1.
From the inequality (31), we get
2
a5 —a
né < ay + agcos(not) — (5—377051'11(7]01) (37)

Since E.(s., i, y.) is locally asymptotically stable in the absence of delay(r = 0), (36) will continue to hold
for sufficiently small T > 0. From (32) and (36) we get,

(a5 — may — ﬂ37](2))(COS(T]0T) — 1) + {amo + M}sin(nof) < map —as + a1ag + a3n§ (38)
Using the bounds

(a5 —a1a4 — a3ng)(l - cos(nw)) =2(as — a1a4 — a3ng)sin2(%) < %|a5 — 144 — ll377i|173_”[2
and

a1(as — asm, }

{alno + sin(npt) < ((a4 - alag)rﬁr + a1 |a5|)7

So we obtain from (37)
AT>+Br<C

where

1
A= §|115 —may — azniin3,

B = (a4 — maz)n; + mlas),
C=mapy —as + aya4 + a31ﬁ.

Hence, if

Ty = %(—B + VB? +4AC) (39)
Then stability will be preserved for 7 € [0, 7..).

Theorem 6.1: The delayed model (2) will be locally asymptotically stable at E.(s., i., v.) if the delay 7 lies
within the interval (0, 7.) where 7. is given by (38).

7. Numerical Simulation

Analytical studies can never be completed without numerical verification of the results. In this section
we present computer simulation of some solutions of the system. Beside verification of our analytical
findings, these numerical solutions are very important from the practical point of view.

To illustrate the results numerically choose parameters as v = 0.85;m = 0.7;a = 0.25;] = 0.65;b = 0.65;d =
0.1;e = 0.8;¢c1 = 0.2;c, = 095,71 = 0.1. Then the conditions of Theorem 4.2 are satisfied. So the point
E»(1,0,0) is locally asymptotically stable (see Figure[T).
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Figure 1: Here r = 0.85;m = 0.7;a = 0.25;1 = 0.65;b = 0.65;d = 0.1;¢ = 0.8;¢; = 0.2;¢c, = 0.95,n = 0.1 and (s(0);i(0); ¥(0)) = (1.0;0;0). So
the point E»(1,0,0) is locally asymptotically stable.
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Figure 2: Here r = 0.85;m = 0.7;a4 = 0.25;1 = 0.65;b = 0.65;d = 0.1;¢ = 0.8;c1 = 0.2;c = 0.95,n = 0.1 and (s(0); i(0); 0) = (0.1;0.5;0). So
the point E3(s3, i3, 0) is asymptotically stable.

Then we take the parameters as r = 0.85;m = 0.7;a = 0.25;1 = 0.65;0 = 0.65;d = 0.1;e = 0.8;c; = 0.2;c; =
0.95,n = 0.1. Then the conditions of Theorem 4.3 are satisfied and consequently E3(s3, i3, 0) is asymptotically
stable (see Figure[2).

Then we take the parameters as r = 0.85;m = 0.7;a = 0.25;1 = 0.65;b = 0.65;d = 0.1;¢ = 0.8;c; = 0.2;c; =
0.95,n = 0.1. Then the conditions of Theorem 4.4 are satisfied and consequently E4(s4,0, y4) is stable (see
Figure[3).

Then we take the parameters as r = 0.85;m = 0.7;a = 0.25;1 = 0.65;0 = 0.65;d = 0.1;¢ = 0.8;c1 = 0.2;c; =
0.95,n = 0.1. Then the conditions of Theorem 4.1.4 are satisfied and consequently E.(s., i., y.) is locally stable
(see Figure[4).
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Figure 3: Here r = 0.85;m = 0.7;a = 0.25;1 = 0.65;b = 0.65;d = 0.1;¢ = 0.8;c1 = 0.2;¢2 = 0.95,n = 0.1 and (5(0); 0; ¥(0)) = (0.1;0;0.5). So
the point E4(s4, 0, y4) is asymptotically stable.
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Figure 4: Stable behavior and phase portrait of the point E.(s., i, )

The parameters m and e have been found to have quite significant effect biologically in the formation of
bifurcation diagrams. A chaotic attractor has been made by choosing an initial condition (0.6952, 0.1594,
0.5737) and related phase plane diagram are presented in Figure 5. The equivalent time series representation
for all the species plotted in Figure 5 demonstrating steady oscillations of some fixed amplitudes over the
entire period of time. Such dynamic performance of the system undertaken ensures the existence of stable
limit cycle enclosing the interior equilibrium point. In Figures 6, the respective bifurcation diagrams for
the infective, susceptible and the predator populations are also plotted against the biologically significant
prey refuge parameter m of the present model system in the range of m as 0.1 < m < 0.9. Here, the chaotic
region is observed in the range 0.1 < m < 0.6308; in almost all the cases followed by a stability region for
rest of the region 0.6308 < m < 0.9.

In another attempt, the bifurcation diagrams as a function of the parameter e for both the preys and the
predator populations have been plotted in Figures 8 with the range of values of 0.65 < ¢ < 0.95. The chaotic
region is observed for the range 0.8055 < ¢ < 0.95 in the case of both the preys and the predator populations.
Before such chaotic region, the system stability prevails over the rest of the region. Figure 7 shows the phase
portrait and unstable behaviour of the dynamical system at the equilibrium point (0.6952, 0.1594, 0.5737).
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Figure 5: Phase portrait and unstable behaviour of E.(s., i, ¥.) when m = 0.5 < m* = 0.6308

Figure 6: Hopf bifurcation diagram for the parameter m € [0, 1] and the other parameters are fixed.
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Figure 7: Phase portrait and unstable behaviour of E.(s., is, y.) where (s, i., y») = (0.6952,0.1594,0.5737) when e = 0.88 > ¢* = 0.8055

It is already known that the stability criterion in the absence of delay (7 = 0) will not necessarily guarantee
the stability of the system in presence of delay (7 # 0). For the above choice of parameters, from Theorem
5.1 we see that there is a unique positive root of given by ¢* = 1 for which C(17")F(") — D(n")G(17") > 0

and Hopf-bifurcation occurs at 7

= 0.8652. We see that for 7 =

0.75 < v = 0.8652, E.(5., 1., ) =

(0.6952,0.1594, 0.5737) is locally asymptotically stable and for t = 0.95and t = 1.2 > t* = 0.8652 respectively,
E. becomes unstable which is shown in Figure 9 and there is a bifurcating periodic solution near E.(s., i., ¥.)
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Figure 8: Hopf bifurcation diagram for the parameter e € [0.65,0.95] and the other parameters are fixed.
(see Figure 10).
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Figure 10: Hopf bifurcation diagram for the parameter 7 € [0, 1] and the other parameters are fixed.

8. Discussions

An eco-epidemic model with infection in prey has been considered in the current model. This system
consists of two types of prey: one is susceptible prey and the other is infected prey and one predator.
The model has been framed successfully based upon some ecological assumptions; it uses the nonlinear
incidence rate and assume according to the Holling type- II response functions with consideration of a
group of predators foraging in the abreast formation. Three autonomous non-linear ordinary differential
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equations for the different classes of populations are considered in present paper. We have explained the
boundedness of the system along with the existence and stability analysis elaborately. It is observed that
the predator free equilibrium exists if and only if the rate of transmission of disease from susceptible to
infected prey population exceeds some threshold value which depends on the death rate of the infected
prey population. Once this predator free equilibrium exists under this condition it becomes asymptotically
stable in s — i — y space. Again, the existence of the infected prey-free equilibrium depends on a biological
condition which states that the capturing rate must exceeds a threshold value which depends on the death
rate of the predator. As stability of this boundary point implies extinction of infected prey population,
prey refuge size plays a major role for existence of the infected prey. In the space point all three types of
species were co-existing. We have applied the Routh-Hurwitz for satisfying the criterion for local stability
around E.(s., i, ¥.). The Hopf-bifurcation condition has been derived in terms of m (the prey refuge effect)
and e (encounter rate per predator per prey unit time) as bifurcation parameter. Here, it is noticed that
when the value of m is less than its critical value then the system is unstable in nature whereas when the
value of e is greater than its critical value then the system is unstable in nature. Basically the present results
further reveal that the specific ranges of these significant parameters appear to be 0.65 < e < 0.95 and
0 < m < 1 within which the system exhibits bifurcation but a slight variation of the parameters beyond this
range makes the bifurcation feature of the dynamical system disappear completely and the corresponding
stability regions are emerged. Here the parameters ¢ and m are found to be biologically significant for the
onset of bifurcation with their individual influences. Analytical consequence of our study are summarized
in the Table 1. Itis revealed by several researchers that the effect of time-delay must be taken into account to
have a biologically useful mathematical model [[28], [14], [26]]. From this perspective, we have considered
our system where the delay may be considered as the gestation period or reaction time of the predator.
Then a rigorous analysis leads us to Theorem 5.1 which remarks that the stability criteria in absence of
delay are no longer enough to guarantee the stability in the presence of delay, rather there is a value 7* of
the delay 7 such that the system is stable for 7 < 7* and become, unstable for 7 > 7*. By the numerical
simulation we have seen the phase portrait and the stable and unstable behavior of the system. All of the
significant mathematical outcomes are depicted by using MATLAB.

Table 1. A brief sketch of the conditions of existence and stability of all equilibrium points

SI No.|Equilibrium Point| Existence condition |Stability|Sufficient Conditions

1 E1(0,0,0) Always exists Unstable Saddle node
2 E»(1,0,0) Always exists Unstable Saddle node
3 Es(s3, 3,0) I>nb+1) Stable I>n(b+1)}
ec; <dand 0<sy < ZZdzz

exr

4 E4(54,0, ya) der(1 — m)(ec; — d) < 27ad?| Stable ae’cyrsy >

d(ecy — d)ae + (1 — m)y;

5 E.(s., 1., 1) Ol <n+ E—fr(l -b) Stable [A; > 0,A; > Oanda >0

(i)rs.(1 —s,) > i.(rs. +n)

Acknowledgment: We are grateful to the anonymous referees and Prof. Maria Alessandra RAGUSA, Editor
for their careful reading, valuable comments and helpful suggestions which have helped us to improve the
presentation of this work significantly.

References

[1] Adriti, r., Gimzburg, L. R. and Akcakaya, H. R.: Variation in plankton densities among lakes: a case for ratio dependent models,
Amer. Nat. 138, 1287-1296 (1991a).
Adriti, R., Perrin, N. and Saiah, H.: Functional response and heterogeneities: an experiment test with cladocerans, OIKOS 60,
69-75 (1991b).

[2] Adriti, R. and Saiah, H.: Empirical evidence of the role of heterogeneity in ratio-dependent consumption, Ecology 73, 1544-1551
(1992).



3

[4]
[5]
[6]
[7]
(8]

[
[10]

[11]
[12]

[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]

[30]
[31]

[32]
[33]
[34]
[35]
[36]

[37]
[38]

[39]
[40]

[41]

[42]

A. K. Pal et al. / Filomat 36:2 (2022), 557-578 578

Agaba G.O., Kyrychko Y.N. and Blyuss K.B.: Time-delayed SIS epidemic model with population awareness, Ecological Com-
plexity, 31, 50-56 (2017).

Anderson, R. M. and May, R. M.: Infectious Disease of Human Dynamics and Control, Oxford Univ. Press, Oxford (1997).
Bailey, N. J. T.: The Mathematical theory of Infectious Disease and its Application, Griffin, London (1975).

Birkhoff G. and Rota G. C.: Ordinary differential equations. Ginn, Boston, (1982).

Chattopadhyay, J. and Arino, O.: A predator-prey model with disease in the prey, Nonlinear Analysis, 36, 747-766 (1999).
Chuan, L., Daqing, J., Ruihua, W.: Periodic Solution of a Stochastic Non-Autonomous Lotka-Volterra Cooperative System with
Impulsive Perturbations. Filomat, 32 (4), 1151-1158 (2018).

Cosner.: Effects of Spatial Grouping on the Functional Response of Predators, Theoretical Population Biology 56, 65-75 (1999).
Dubey B and Upadhyay R. K.: Persistence and extinction of one prey and two predator system, J. Nonlinear Analysis. Modelling
and Control, 9, 307-329 (2004).

Demou, L.: Global stability of solutions in a reaction-diffusion system of predator-prey model. Filomat 32 (13), 4665-4672 (2018).
Erbe L. H., Rao V. S. H and Freedman H.: Three species food chain models with mutual interference and time delays, Math.
Biosci, 80, 57-80 (1986).

Ferrauto, G., Costa, RM.S., Pavone P. and Cantarella G. L.: Human impact assessment on the Sicilian agroecosystems through
the evaluation of melliferous areas. Ann. Bot., 3, 237-244 (2013).

Gopalsamy K.: Stability and Oscillations in Delay Differential Equations of Population Dynamics, Kluwer Academic, Dordrecht
(1992).

Hadeler, K. P. and Freedman, H. I.: Predator-prey populations with parasite infection, J. Math. Biol., 27, 609-631 (1989).

Hale, ]. K.: Ordinary Differential Equations, Willey, New York, (1969).

Hale, J. K.: Theory of Functional Differential Equations, Springer, Heidelberg (1969).

Hanski, L.: The functional responce of predator: worries about scale, TREE 6, 141-142 (1991).

Hassel, M. P.: The Dynamics of Arthopod Predator-Prey Systems, Princeton Univ. Press, Princeton (1974).

Hethcote, H. W., Wang, W., Han, L. and Ma, Z.: A predator-prey model with infected prey, Theor. Popul. Biol., 34, 849-858 (2004).
Huang, Y., Chen, E. and Zhong, L.: Stability analysis of a prey-predator model with Holling type III responce function incorpo-
rating a prey refuge, Appl. Math. Comput., 182, 672-683 (2006).

Kar T. K.: Modelling and analysis of a harvested prey-predator system incorporating a prey refuge. ] Comput Appl Math 185,
19-33 (2000).

Kar, T. K.: Stability analysis of a predator-prey model incorporating a prey refuge, Comm. Nonlinear Sci. Numer. Simul., 10,
681-691 (2005).

Kermack, W. O. and Mckendrick, A. G.: Contributions to the mathematical theory of epidemics. Part 1, Proc. R. Soc. Lond., Ser.A,
115, 700-721 (1927).

Kuang Y.: Rich dynamics of Gauss-type ratio-dependent predator-preysystem, Field Institute Communications, 21, 325-337
(1991).

Kuang Y.: Delay Differential Equations with Applications in Population Dynamics, Academic Press, New York, (1993).

Lotka, A. J.: Elements of Physical Biology, Williams and Wilkins Co., Inc.Baltimore, (1924).

Macdonald N.: Biological Delay Systems: Linear Stability Theory, Cambridge University Press, Cambridge, (1989).

Mondal, A., Pal, A. K. and Samanta G. P.: Analysis of a delayed eco-epidemiological pest plant model with infected pest,
Biophysical Reviews and Letters, 14(3), 141-170 (2019).

Murray J. G.: Mathematical Biology, Springer-Verleg, Berlin (1989).

Pal, A. K. and Samanta, G. P.: Stability analysis of an eco-epidemiological model incorporating a prey refuge, Nonlinear Analysis:
Modelling and Control, 15, 473-491 (2010).

Pal A. K., Samanta G. P.: A ratio-dependent eco-epidemiological model incorporating a prey refuge. Univ ] Appl Math1 2, 86-100
(2013).

Pulvirenti, S., Costa R. M. S., and Pavone, P. Francesco Cupani: The scientific network of his time and the making of the Linnaean
system. Acta Botanica Gallica, 162 (3), 215-223, (2015).

Ruan S. and Wei J.: On the zeros of transcendental functions with application to stability of delay differential equations with two
delays, Dynamics of Continuous, Discrete and Impulsive Syatems, Series A: Mathematical Analysis, 10, 863-874, (2003).
Sharma S., Samanta G. P.: A Leslie-Gower predator-prey model with disease in prey incorporating a prey refuge. Chaos Slitons
Fractals, 70, 69-84, (2015).

Shuxue Mao, Rui Xu, Zhe Li, and Yunfei Li.: Global Stability of an Eco-Epidemiological Model with Time Delay and Saturation
Incidence. Discrete Dynamics in Nature and Society, Volume 2011, Article ID 730783, 22 pages, doi:10.1155/2011/730783, (2011).
Volterra, V., Variazioni e fluttauazionidelnumero d individui in specie animals conviventi, Mem. Acc. Dei Lincei, 2, 31-33, (1926)
Wanjun Xia, Kundu S. and Maitra S.: Hopf-bifurcation of a delayed eco-epidemic model with ratio dependent transmission rate,
Journal of Function Spaces, 2018, Article ID 5626039, doi.org/10.1155/2018/5626039, (2018).

Xiao, Y. and Chen, L.: A ratio-dependent predator-prey model with disease in the prey, Appl. Math. Comput., 131, 397-414 (2002).
Yang X., Chen L. and Chen J.: Permanence and positive periodic solution for the single-species nonautonomous delay diffusive
models. Comput Math Appl, 32(4),109-116 (1996).

Zi Zhen Zhang, Chun Cao, Kundu S. and Ruibin Wei,: Permanence and hopf-bifurcation of a delayed eco-
epidemic model with Leslie-Gower Holling Type III functional response, Systems Science and Control Engineering, 7,
doi.org/10.1080/21642583.2019.1649217, (2019).

Zhu Hui, Xiong, Z. and Wang X.: Analysis of an eco-epidemiological model with time delay. Journal of Mathematics, 38(5),
1877-1886 (2008).



	Introduction
	The basic mathematical model
	Positivity and Boundedness of the system (2)
	Equilibria
	Dynamical Behavior
	Global stability analysis at  E*(s*, i*, y*)
	Hopf Bifurcation analysis at  E*(s*, i*, y*)

	Stability of the model in presence of discrete delay
	Estimation of the length of delay to preserve stability
	Numerical Simulation
	Discussions

