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Abstract In this paper, we propose and analyze eco—epidemiological of prey—predator system. Here
Singe prey population is taken as nature limited growth rate and interaction of both predator species, and
predator population is taken as competitive of the infected—susceptible species. We propose positive and
boundedness. We analyze the positive equilibrium point of trivial, disease—free, and interior equilibrium
point with stability analysis. Stability analysis carried out theorem is called stable, asymptotically stable,
unstable, saddle point. The dynamical behavior of this system of nonlinear differential equation both
analytically and numerically is investigated from the point of view of stability analysis time series and

phase portrait plot. Finally, conclusion of our results suggest that the prey—predator of the SI-type.
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1. INTRODUCTION

Article work is very interesting and importance area for eco—epidemiological of bio-
logical dynamical system in mathematics by discussed [13]. By influencing the dynamics
of phytoplankton which is the basis of all food webs in the sea, marine viruses play an
even more important role, if is be-lived now that they are a key factor in global bio—
geochemical cycles. Use predation may defeat spatial spread of infection by [14]. Math-
ematical modeling is one way to explain many of the ideas and concepts in the sciences
discussed [11]. In the field of eco—epidemiological of ecology, a lot of theoretical studies
were carried out since the beginning of last century to explain the interaction between
the ecological communities. Particular study describes the three type of the interaction
(i) prey—predator model (ii) host—parasite model (iii) infected—susceptible model between
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one population (prey) and the other (predator) living in a closed environment with the
two populations striving for survival discuss [12], [21], [10]. A predator infected prey
model with harvesting of infected prey for very interesting work follows the susceptible
—infected—susceptible cycle by discuss [22]Switching from simple to complex dynamics in
a predator—prey—parasite model for an interplay between infection rte and incubation de-
lay. This type of the form is susceptible-infected and predator for Leslie-Gower model.
Susceptible—infected interaction using Holling type II functional response using different
ways of working very interesting. Harvesting as a disease control measure in an eco—
epidemiological system, the dynamics of host —parasite predator interaction that includes
non-selective prey harvesting can be described by susceptible-infected prey and predator
model. This type is lot of theoretical study of the system [9]. Highly valued of the paper
role of environmental disturbance in an eco— epidemiological model with disease from
external source. The extended model defined by the following system of ordinary differ-
ential equation of this model is susceptible-infected prey and predator model. A model
of predator—prey dynamics as modified by the action of a parasite for a predator prey
system, where the prey population is divided into two independent groups [7]. A mathe-
matical study of a predator-prey dynamics with disease in predator most models the set
of nonlinear ordinary differential form prey and susceptible-infected predator model [3].
Ecological populations suffer from the various infectious diseases and these diseases have
a significant role in regulating population size [6]. We use the an eco—epidemiological
mathematical model with treatment (recovered) and disease infection in both prey and
predator population. To do this, we will consider a plausible epidemiological context of
mathematical models have become important tools for analyzing of role of standard inci-
dence in an eco—epidemiological system with more infectious disease transmission models
are descendants of the classic SIR—type [5]. Now we can discuss the effect of disease and
harvesting on the dynamics of prey—predator system has been propose and studies ana-
lytically as well as numerically [2]. Explained the mathematical models which represent
the dynamics of ecological systems. Now we can discuss the example of SI-type, SIS—
type, SIR-type of disease are known as eco—epidemiological models. Recently, propose
and analyze a prey—predator model with infectious SIS—type of disease in prey—predator
population. They studied the local and global stability of the system analytically as well
as numerically [3]. Now we can discuss the boundedness, existence and uniqueness of the
solution [4]. Again, recently propose and analysis an eco—epidemic model with suscepti-
ble pest, infected pest and predator [1]. The dynamical behavior of the system is studied
both analytically and numerically. Formulated and solved the optimal control problem
and higher value of force of infection leads the system pest free. Now we can discuss
the dynamics of pest and its predator model with disease in the pest and optimal use
of pesticide. Before we can discuss and introduce the model and its analysis we would
like to present a brief sketch of the construction of the model to indicate the biological
relevance of it. To study analytically and numerically the influence of disease an an envi-
ronment where two or more interacting species are present [ ]—[ }, we shall put emphasis
on an eco—epidemiological system consisting of three species, namely (i) Prey—predator
only susceptible-infected species means SI-type of single prey and predator only. (ii)
Prey—predator for susceptible-infected—susceptible species means SIS-type of two prey or
two predator and one prey or one predator. (iii) Prey—predator for susceptible—infected—
recovered or treatment species means SIR, SIT-types of two prey or predator and one
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prey or predator in any where species we assume the model define. Before we can pro-
pose an eco—epidemiological model with susceptible prey and infected prey and predator
is considered. Now we will present the dynamical behavior of the system is studied both
analytically and numerically. A disease—free system an eco—epidemiological model fur-
ther for mathematical simplicity by [23], [24]. They assumed that the mode of disease
transmission follow the simple law of mass action.

2. MATHEMATICAL MODELING

Organized model is as follows formulation of mathematical model. In this section
some basic assumptions (i) Let x denote the population density of the prey, y denote the
population density of the first susceptible predator and z denote the population density
of the second infected predator respectively in time t.

@*x(rfa:cfc —C22)
at 1Yy —=C2
d
d—Z:y(fazfczlerc?,xfdl)
d
£ =z(ay +csx — cey — da) (2.1)

with the initial conditions
z(0) = 0,y(0) = 0, 2(0) = 0
Some basic assumptions are
(1) x denote the population density of the prey, y denote the population density of
the first susceptible predator and z denote the population density of the second
infected predator respectively in time t.
(2) r is the intrinsic growth rate of the prey species.
(3) a is rate of competitive prey species.
(4) c1,cq are the capture rate of the prey by the susceptible predator and infected
predator, respectively.
(5) 3, ¢y are the conversion factors for the susceptible predator and infected preda-
tor due to consumption of the prey.
(6) di,dy are the over crowding in the susceptible predator and infected predator
respectively.
(7) c4 is capture rate of the susceptible predator by the infected predator.
(8) c¢g is capture rate of the infected predator by the susceptible predator.
(9) « is force of infection between the infected predator and the susceptible preda-
tor.

3. POSITIVENESS AND BOUNDEDNESS OF THEOREM

Theorem 3.1. Given system of equations (2.1) is always non—negative. Then all possible
solutions of the system (2.1) are positive.

Consider, the first equations (2.1) of the system

df = (r—ax—cy—cez)dt
df = ¢(z,y,2)dt (3.1)
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where ¢(z,y,2) = (r —ax — 1y — ¢22)
Taking integration in the region [0, t], we get

w(t) = 2(0)e) VD% >0,V ¢ as 2(0) 2 0 (3-2)

Next, consider the second set of equations (2.1) system

d
Zy = (—aZ—C4Z+03$—d1)dt
d—yy = p(z,2)dt (3.3)

where ¢(z,2) = (—az —ca 2z + c3x — dq)
Taking integration in the region [0, t] we get

y(t) = y(0)el #@2 5 0.V ¢ as y(0) >0 (3.4)

Next, consider the third set of equations (2.1) system we get

d

;Z = (ay+csz—cey—do)dt

dz

< x(z,y)dt (3.5)

where x(z,y) = z (@ y + 57 — coy — d2)
Taking integration in the region [0,t] we get

2(t) = 2(0)ed X@W® 5 0,V t as 2(0) > 0 (3.6)
Hence it may be concluded that all the solutions of the system (2.1) are always positive.
Theorem 3.1. The trajectories of the system (2.1) are bounded.

Define the function | = x +y+ z and take its time derivative along the solution of (2.1)

dl.  dr dy dz

dt dt | dt @ dt

now %—i—pl <rx — a2 + px+ py + pz — zdy — zdso
where p is a positive constant for r1 + p — a2 > 0,p—dy > 0,p — ds > 0 given € > 0
there exists tg such that ¢t > ¢g.

%—i—pl <m-+e, if mzmin{%,p—dl,p—dg}

Hence 4 (le?') < (m + €)e?*

= U(t) < U(to)ePt=t0) 4 (ED (] — g=p(t=to)),

Letting ¢ — 0 then letting e — 0

limsup{(t) <

m
t— 00 1Y

On the initial conditions, the system (2.1) is bounded.

<+ m Bangmod-JMCS—jmcs@kmutt.ac.th  (©2018 By TaCS Center.



Bangmod Int. J. Math. & Comp. Sci., 2018 ISSN: 2408-154X 21

4. ANALYTICAL SOLUTION OF CRITICAL POINTS

The equilibrium point of the parametric model (2.1) is given by steady state equations
‘fi—f = % = % = 0. After algebraic calculation we get the trivial and non trivial equilib-
rium points.

(1) The trivial equilibrium point {x = 0,y = 0, z = 0} this all prey—predator absents equi-
librium always exists.
(2) Both susceptible-infected predator equilibrium point {x =2,y=0,2z= 0} this equi-

librium point prey is present, susceptible predator is absent and infected predator is
absent.
(3) Infected predator—free equilibrium point {:c = i—;, Y= %, z= 0} this equilibrium

prey is present, susceptible predator is present and infected predator is absent.

C2Cs5

(4) Susceptible predator—free equilibrium point {x = ‘cl—;, y=0,z= M} this equilib-
rium prey is present, susceptible predator is absent and infected predator is present.

(5) Interior equilibrium point {x = z*,y = y*, 2z = z*}

a’r—acidotacsr—arcetacodi —cy cado—cyreg—cacedy

aa?+aa cy—aocg—acy Cg—ac1 C5+0 Cac3—C1 €4 C5—C2C3C6 °

_ aadotacyg do—arcs—cyg res+ceacgda—cacsdy
) aa?+aq ci—ao cg—acy Cg—aC1 C5+Q CaC3—C1 C4 C5—C2C3C6

= acoth —ao d) tarey—c1 cadater coh —reace this equilibrium prey is present, sus-
aa?+aq cy—an cg—acy Cg—Q €1 C5+Q CaC3 —C1 Cq4 C5—C2C3CH q prey p ’

ceptible predator is present and infected predator is present.

xr =

The system of the nonlinear differential equation (2.1) of Jacobian matrix is J(z,y, z) =

—2ar —c1y—coz+r —xcy —xCo
ycs —az—caz+cgr —dp y(—a—cy)
25 z (o —cg) ay+csr — cgy — da

5. STABILITY ANALYSIS OF THE SYSTEM

Theorem 5.1. The trivial equilibrium point (0, 0, 0) of the system (2.1) is a saddle
point.

Proof. The Jacobian matrix of (0,0,0) is given by

r 0 0
J=10 —d O
0 0 —dsy
Here the eigenvalues are Ay = r > 0, A2 = —d; < 0, 3 = —d < 0. The one eigenvalue
is positive and two eigenvalues is negative with the conditions » > 0,d; > 0,d> > 0.
Therefore the equilibrium point (0,0,0) is a saddle point. | |

r

Theorem 5.2. Both Susceptible—infected predator—free equilibrium point {x =2y=0,z=
of the system (2.1) is stable, provided that ady > c3r,ads > csr.

Proof. The Jacobian matrix of {x =2y=0,z= 0} is

— _ra __Treca
r a a
Jo=| 0 @4 0
Cs5T
0 0 S _d
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The eigenvalues are
A =—-r<0,

—ad
Ay = @ar=adi

A3 = r—edz <,
a
only if r > 0,ad; > c3r,ady > c5r. Therefore given equilibrium point is stable. [ |

Theorem 5.3. The infected predator—free equilibrium point {sc = ‘z—;, y = %, z= 0}

of the system (2.1) is locally asymptotically stable, provided that acdy + c1c3ds + reseg >
acgd; + arcs + cresd; .

Proof. The Jacobian matrix is

_ ad1 adlfce,’r _d161 _d102
2 c3 + c3 +r c3 c3
_ _adi—csr _(adi—csr)(—a—c4)
JS - c1 0 c1C3
_oladi—csr) | csdy | coladi—car)
0 0 c1c3 + c3 + Ci1C3 d2

The corresponding eigenvalues are
7ad1+\/a2d12+4 aC3d12 —4rcs32d,

A= 1/2 = <0,

d 2d;124+4acsd1?—4 2d
)\2:_1/211 1+\/a 1 +C;lcs 1 rcg©dy <0’
)\3 _ aced1 —aa di+arcs—cy csdo+cy esdi —rescg < 0.

C1 C3
Here A1, A2 have negative real parts A3 < 0 with the conditions aad; + ¢ic3ds + reseg >

acegdy + arcg + cicsdy. Hence the given equilibrium point is locally asymptotically stable.
[ |

Theorem 5.4. The susceptible predator—free equilibrium point {x = ‘Z—:, y=0,z= %}

18 locally asymptotically stable, provided that aads+acsds+coczde < arcs+cares+cacsds.

Proof. The variation of the Jacobian matrix is

_ ad2 adz—(}s'l” _ dzCl _ dzCz
2 Cs + Cs + r Cr Cr
o a(ads—csr) cq (ada—csr) cads
J4 - 0 C2Ch + C2Cs + Cs dl O
__ado—csr _ (ada—cs1)(0—cp) 0
c2 C2Cs5

The corresponding eigenvalues are

)\1 _ aadstacsdy—a TCS;itTCS+CZCBd2_C2CSd1 < 0,
— 2 2 2_ 2
AQ _ 1/2 ad2+\/a dso +C4ra05d2 4res2ds < 0’
2dy2+4 acsda?—4res?
)\3 _ _1/2 ad2+\/a do +C:cod2 res2ds <0.
Here A1, A2 have negative real parts A3 < 0 with the conditions aads + acsds + cacsds <
arcs + cqres + cacsdr. Hence this system is locally asymptotically stable. [ |

Theorem 5.5. The interior equilibrium point {x = z*,y = y*,z = 2*} is locally asymp-
totically stable.

Proof. The variation of the Jacobian matrix is
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FI1GURE 2. The susceptible predator population.

mir Mz Mi3
Js = | mar maz Ma3
m31 M3z Ma33

where
a(azrfa ci1dotacyr—arcetaced;—cy cqgda—cy r6676266d1)

mp = —2
11 aa2+aa Cq4—ax Cg—aCy Cg—Q C1 Cs-’rl)t C2C3—C1 C4 C5—C2C3C¢q

c1 (aada+tacy do—arcs—cq res+cacgda—cacsdr)
- aa2+aa C4—AaQ Ceg—ACyYy Ceg— X C1 65+OL C2C3—C]1 C4 C5—C2C3Cpq
co(aady—acgdi—ares+cy cgda—cy esdi+resces)
+ aa?+aocy—aocg—acy cg—o €1 C5+a cacz—cy Cq4 C5—CaC3CH + T,
(oz2r—a c1 dotacgr—arcgt+acod;—cycqgda—cy r06—0206d1)c1

mig = —
12 aa?+taa cs—aocg—acy cg—oC1 C5+a Cacz—C1 C4 C5—CaC3Co )
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FIGURE 4. Interaction of susceptible predator and infected predator population.

(a2r—a c1 dotacyr—arcgtacod;—cycqda—cy rca—czcadl)CZ

miz = aa?+aq cy—ao cg—acy Cg—0C1 C5+Q CaC3—C1 C4 C5—C2C3Co )
o (acvda+acy do—arcs—cy res+ceaczda—cacsdy)es

ma1 = aa?+aa ci—aqcg—acy Cg—aC1 C5+Q CaC3—C1 C4 C5—C2C3C6 )

Moy = a(aadi—acedi —arcg+ey cagdo—cy esdi+rescg)

aa?+aa cs—ao cg—acy Cg—aC1 C5+Q Cac3—C1 C4 C5—C2C3C6
cy4 (aadi—acgdi —arcg+cy cada—cy csdi+resce)
+ aa?+aq cy—aa cg—acy Cg—Q €1 C5+Q CaC3—C1 Cq C5—C2C3CH
c3 (aQr—a cidotacsr—arcgtacod;—cy cqgda—cy rcG—czcsdl)
aa?+aq cy—an cg—acy Cg—Q C1 C5+Q CaC3—C1 Cq C5—C2C3CH
(aavdatacy do—ares—cy res+eacsda—cacsdy)(—a—cq)

+

_dla

ma3 = aa?+taa ci—aqcg—acy Cg—aCl C5+0 cac3—C1 €4 C5—C2C3C6 7
o (aavdy—acedi —arcz+cy cada—cy csdi+rescg)ces

m31 = aa?+aq cyi—an cg—acy Cg—aC1 C5+Q CaC3—C1 C4 C5—C2C3Ce

M3y = (aavdi—acedi —arcz+cy cgda—cy ecsdi+rezes)(a—ce)

aa?+aa ci—aacg—acy cg—ocl C5+a cac3—C1 €4 C5—C2C3C6
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F1GURE 5. The interaction of prey and susceptible predator population.
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FIGURE 6. The interaction of prey and infected predator population.

a(aadatacy do—arcs—cares+cacgda—cacsdr)
aa?+taa cs—aa cg—acy cg—acl Cs5+a cac3—C1 €4 C5—CaC3C6
cs (azr—a cidotacgr—arcgtacad;—cy cqgdo—cy rce—02ced1)

ms3 =

+ aa?+aacyg—aocg—acy cg—oC1 C5+a cacz—cy €4 C5—CaC3Cq
B ce(aadatacy do—arcs—cyres+cacsda—cacsdy) B
aa?+ancy—an cg—acs Cg—Q €1 C5+Q C2C3—C1 C4 C5 —C2C3C6 2-
The characteristic equation is A1(\) = B1 A% + BaA? + B3\ + By
where
B, =1,
By = — (m33 + maz +m11),
Bz = —(—=mi1maz — mi1ma3 + miaMa1 + mizma1 — MaaMaz + MazMaz),

B4y = my11maoama3 +m11Ma3maz +M12M211M33 — M12M23M31 — M13M21M32 +1M13M221M31.
By Routh Hurwitzs criterion, all the eigenvalues of .J5 have negative real parts if (i) By > 0,
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Bangmod Int. J. Math. & Comp. Sci., 2018 ISSN: 2408-154X 26
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F1GURE 7. The interaction of prey and susceptible—infected predator population.
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F1GURE 8. The interaction of prey and susceptible-infected predator population.

(ii)B3 > 0,

(iii)B1BsBs > B2 + B?B,.

Therefore given system of the nonlinear differential equation (2.1) is locally asymptoti-
cally stable around non—trivial equilibrium point {z = 2*,y = y*, z = 2*} if the conditions
stated in the theorem holds. [ |

6. NUMERICAL SOLUTION

The system of the nonlinear differential equation (2.1) for the numerical solution
(1) First we take the parameters of the system as p; = (o = 1,r = 10,a =
1,e0 = 1,c0 = l,¢e3 = 12,¢4 = 1,65 = 10,¢6 = 1,d; = 1,do = 1). Then the
initial conditions satisfied (x(0) = 0,y(0) = 0,2(0) = 10), the infected predator
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F1GURE 9. The interaction of prey and susceptible-infected predator population.
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F1GURE 10. The interaction of prey and susceptible—infected predator population.

population only available (see Figure 1) is periodic at 3.67879350770605 and the
infected predator population is decreasing due to absence of prey population.

(2) If we take the parameter p; of the system as mentioned above. Then the
initial conditions satisfied with (2(0) = 0,y(0) = 1,z(0) = 0), the suscepti-
ble predator population is available (see Figure 2) which is a periodic point at
0.367879356307219 and susceptible predator population is decreasing due to ab-
sence of prey population.

(3) If we take the parameter p; of the system as mentioned above. Then the initial
conditions satisfies with (z(0) = 1,y(0) = 0,2(0) = 0) the prey population (see
Figure 3) is periodic at 9.99591738061742 and prey population is increasing due
to absence of predator population.
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FIGURE 11. The interaction of prey and susceptible-infected
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FIGURE 12. The interaction of prey and susceptible-infected predator population.

(4) Now we take the parameter p; of the system as mentioned above. Then the
initial conditions satisfies with (x(0) = 0,y(0) = 0.2, 2(0) = 0.5), the susceptible—
infected predator population (see Figure 4) is decreasing due to absence of prey

population.

(5) Now we take the parameter p; of the system as mentioned above. Then the
initial conditions satisfies ((0) = 1.0,y(0) = .1, 2(0) = 0), from Figure 5, we can
see that the interaction takes place for prey and susceptible predator species.

(6) Now we take the parameter p; of the system as mentioned above. Then the
initial conditions satisfies (2(0) = 0.1,y(0) = 0,2(0) = 1), from Figure 6, we can
see that the interaction takes place for prey and infected predator species.
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F1GURE 13. The interaction of prey and susceptible—infected predator population.
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FIGURE 14. The interaction of prey and susceptible-infected predator population.

(7) Now we take the parameters of the system as p;. Then the initial conditions
satisfies (2(0) = 0.15,y(0) = 0.15, 2(0) = 0.15), from Figure 7 we can see that the
interaction takes place for prey and both susceptible-infected predator species.

(8) If we take the parameters of the system as p; = (o = 1,0.8,0.2,0,7 = 5,a =
l,cy = 1,0 = 1l,c3 = 5,¢4 = l,c5 = 5,¢6 = 1,dy = 1,dy = 1). Then the
initial conditions satisfies with [z(0) = .3,y(0) = .3,2(0) = .3],[z(0) = 1,y(0) =
1,2(0) = 1] for both susceptible-infected predator and prey population of the
time series ( see in figure 8, 9, 10, 11, 12, 13, 14.)

(9) If we take the parameters of the system as p3 = (o = 0,0.5,1,7 = 5,a =
l,e1 =1,c0 =1,c3 =5,¢c4 =1,c5 =5,¢6 = 1,dy = 1,ds = 1). Then the initial
conditions satisfies with [¢(0) = .25,y(0) = .5,2(0) = 2.5],[z(0) = .5,y(0) =
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FicURE 15. The phase plot is asymptotically stable at o = 0.

Ficure 16. The phase plot is asymptotically stable at a = 0.5.

.5,2(0) = 2],[z(0) = 1,y(0) = .5,2(0) = 1.5, [z(0) = 1.7,y(0) = .5,2(0) = 1.2],
here both susceptible—infected predator and prey population of the phase plot as
shown in figure 15,16,17.

7. DISCUSSION AND CONCLUSIONS

An eco-epidemiological model consisting of prey—predator model with SI-type of dis-
ease in prey population and susceptible-infected predator population was proposed and
analyzed. It is observed that the system is positive and bounded has at most five trivial,
disease—free, non—trivial equilibrium points. It is observed that the diseased predator
population decreases due to absence of prey as shown in figures 1, 2, 4. and with out
predator population, the prey population increases as shown in figure due to 3, also we
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FI1cURE 17. The phase plot is asymptotically stable at o = 1.

can see that the interaction takes place for prey and susceptible-infected predator species
in figures 7 to 14.
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