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1 Introduction
We focus on the diffusive predator-prey system with a ratio-dependent functional re-
sponse and disease in the prey; specifically,

U —dAu=ulr— gu——— —bv],
ve—dAv =v[bu—dy - L% ],
Wy —DAw = w[—dy + =2 1 —BY 1 5 (0,00) x K, (L1)

mw+u+v mw+u+v

du _ dv _ ow _
W'an_an_o on (0,00) x 02,

u(0,%) = up(x), v(0,%) = vo(x), w(0,x) = wo(x) in €,

where Q C RN is a bounded region with smooth boundary 02, and r, m, K, b, d;, D;, c,
a, and B are positive constants; a, by, by, [ and k are positive constants as well. The initial
functions uy, vo, and wy are not identically zero in 2; u, v, and w represent the densi-
ties of the susceptible prey, infected prey, and predator, respectively, and 7 is the outward
directional derivative normal to 9. Furthermore, @ and 8 are the searching efficiency

constants of the predation rate for the susceptible and infective prey, respectively. - and
B
m

and infected prey, respectively. m is the predation rate for the susceptible prey and in-

are the maximum per capita capturing rates of the predator for the susceptible prey

fected prey. Finally, b is the force of infection, d; and d, are the death rates of the infected
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prey and predator, respectively, and c is a conversion rate. The homogeneous Neumann
boundary condition describes an environment with no flux at the boundary of the region.

During the last three decades, various types of predator-prey models are studied exten-
sively by many researchers. Many models have a functional response in which ignoring
an effect of predator density, i.e., the function that describe a density of prey which is
consumed by its predator depends only on prey. However, there is explicit biological and
physiological evidence [1-4] that in many situations, when predator have to search for
food, a more suitable general predator-prey model in heterogeneous situations should be
had the ratio-dependent functional response, which the per capita predator growth rate
should be a function of the ratio of prey to predator abundance. Ratio-dependent mod-
els have been mathematically studied for both the spatially homogeneous case [5-8] and
the spatially inhomogeneous case [9-11]. In [8, 12], one examined the model of Arditi
and Ginzburg [13]. One showed that under some conditions, the whole population can be
extinct.

On the other hand, epidemic models have also received a lot of attention since Kermack-
McKendrick’s model. Among them, we are interested in eco-epidemiological systems with
predator-prey interactions. Considerable research has been done on the spatially homo-
geneous case [14—20].

In the real application, diffusive system in this study can be used to describe the in-
teraction between marine viruses in aquatic ecosystems and the species [21, 22], since
there is evidence that viral infection might accelerate the termination of phytoplankton
blooms [23]. In fact, in [24], the authors showed experimentally that viral disease can
infect bacteria and phytoplankton in coastal water. In [14, 25, 26], they observed oscilla-
tions and waves in a phytoplankton-zooplankton system with Holling-type II and III graz-
ing under lysogenic viral infection and frequency-dependent transmission. Hilker [27]
also investigated the local dynamics of phytoplankton with lytic infection and frequency-
dependent transmission as well as zooplankton with Holling-type II grazing.

Arino et al. [28] suggested the non-dimensionalized model, which is a non-spatial ver-
sion of (1.1). There, the authors obtained the conditions for which no trajectory can reach
the origin following any fixed direction or spirally. Also the criteria of persistence were
found. The above studies have been done mostly for the non-spatial case.

In this paper, we investigate the conditions of the asymptotic behavior of a unique pos-
itive constant solution and the non-negative equilibria of (1.1), which is a spatially depen-
dent model with diffusion.

Model (1.1) is based on the following assumptions:

(a) In the absence of disease, the prey population grows according to logistic law with

carrying capacity K > 0 and an intrinsic growth rate r > 0.

(b) In the presence of disease, the prey consists of two classes: susceptible prey and

infected prey.

(c) Only susceptible prey can reproduce themselves logistically and contribute to its

carrying capacity. Infected prey do not grow, recover, or reproduce.

(d) Disease can only be spread among the prey, and it is not inherited. Disease

transmission follows the simple law of mass action.

From the literature [28], the assumption (c) can be justified in many cases: the experi-
ment on dinoflagellate Noctiluca scintillans in the German Bight by Uhlig and Sahling [29]
indicated that the cells become damaged, and they neither feed anymore nor reproduce.
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The model of Hamilton et al. [30] showed that infected individuals do not contribute in
the reproduction process; infection reduces the remaining capacity due to the inability
to compete for resources. Thus, we may assume that the growth term of the susceptible
population follows only the law of logistic growth.

For additional background information pertaining to (1.1), we refer to [28] and the ref-
erences therein.

The remainder of this paper is organized as follows. In Section 2, we investigate the
large time behavior of non-negative constant solutions and the asymptotic stability of a
positive constant solution. Finally, the results obtained are analyzed in terms of biological

interpretations in Section 3.

2 Asymptotical behavior of constant solutions
In this section, the asymptotic behavior of non-negative and positive constant solutions
to (1.1) is examined.

For convenience, we denote the growth rate terms as follows:

r aw
U,VB,W):=r— —u— ———— — by,
Silw,v,w) K~ mw+u+v ’
Bw
fuv,w)i=bu—-d - ——,
mw+u+v
coau cBv

faluw,v,w) := —dy +

+ .
mw+u+v wmw+u+v

Using the uniform bound of &, v and w, one can show that (ufi, vf;, wfs) satisfies the
Lipschitz condition. Using the upper and lower solution method in [31], it can also be
shown that (1.1) has a non-negative solution.

The next theorem states that the solution to (1.1) is uniformly bounded [32].

Theorem 2.1 The solution (u,v,w) of (1.1) is uniformly bounded; specifically,
0<u(t,x)<Bi, 0=v(tx)<B,,  0=w(tx) <Bs,
where B; is defined by

B := maX{K, ||M0||oo}'
1K (r+d\>

B, :=max{ —— S} o llos + 1vollos
dl r 2

cla+B)—d,
o h) ot Bz}.

Bs := maX{ wolloos

The dissipation and persistence of the parabolic system (1.1) can be found in [32].

Theorem 2.2 For a solution u = (u(t, x), v(t, x), w(t, x)) to the parabolic system (1.1),

limsupu < [ K 1K (r+di\> cle+p)—dy 1 K (r+di)’
u = ) 1K
t—>oop - dyr 2 dym dy r 9

ifc(a + B) > ds.
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d . d
Theorem 2.3 Assume that > a > 2, r> min{Z X ”Tl)2 + o %%(dl + %) + ). Then

dy r
liminfu > (O, 0,, ®3),
t—00
where ©1 = (r = -5 (%50)° = )7, O21= 5 = (i + ) = ), and O 1= RO, for
s = b.
2.1 Equilibria

System (1.1) has the following non-negative equilibria:

€ = (07 01 O)r
e; =(K,0,0),

1= ) . ) ) 2.1)
ey = (K(1-=-2),0, CZ;mZK(l - ==2)) if 0 <ca —dy < cmr,

e3=(4,7(1~£),0) if bK > dy.

Note that the given growth rates in (1.1) are not defined at (u, v, w) = (0,0, 0). Since

. uw . W
lim _— = lim — =0,
(4,v,w)—(0,0,0) MW + U +V  (u,v,w)—(0,0,0) MIW+ U + V

Mﬁ";’ﬁv d mw}’f;m may be extended to {(u,v,w) : u > 0,v> 0,w > 0} so that

(0,0,0) becomes a trivial solution to (1.1) [8].
Furthermore, if the following conditions are satisfied:

the domain of p

AS*+BS+C<0 and d,<cp, (2.2)
where
A = cmrBb,

B-= —c[rﬂ(,B + md,) + mk(rB + adl)b] —dy (—r,B + Kb(B - a)),
C=K(rB+ adl)[c(ﬂ +md,) — dz],

_ (rB+ad))K

T rB+abK

then there exists a unique positive equilibrium point w, = (u,, Vs, w,), where

~B- VB - 4AC
ETToa

Y LA W
T \ek )T \b bg )

_ (co = do)us + (cP — )
B dzm ’

*

2.2 Asymptotic stability of equilibria
In this subsection, we investigate the non-negative equilibria ey, e;, €2, and e3 defined in
(2.1) and the positive equilibrium point u,.
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Figure 1 Local stability of eg when the condition of Theorem 2.4 holds
(d=0.01,D=0.01,r=0.05,b =0.430,d; =0.03,d> =0.6,K=1.0,a = 1.2, 8 =&, c=1.0,m = 0.08).

2.2.1 Asymptotic stability of eg
We investigate the stability at (0, 0, 0). For the stability of ey, we assume d = D.

Figure 1 shows that under some conditions, all three species become extinct. We point
out that the corresponding non-spatial model had the same asymptotic behavior under
the same condition in the following theorem.

Theorem 2.4 Assume that mc <1, 8 > «, min{co —d5, } > r. If the initial data satisfies

_a
1+m
Wo > Ug + Vo, then lim;_, oo 1 = €.

Proof Subtracting the first and second equations from the third equation in (1.1) yields

W-—u-v),—dA(w—u—-v)=wfs —ufi — vfa

=(w—u-v)s+(lz-fo)v+ (s —filu. (2.3)
Also note that
cau +cBv+ Bw
bbb
u+lvi Ly
=ca—2—< _dy—bu+d;
mw+u+v

> co —dy +dy — bu,

cau+cBv+aw

r

fi-f= —dy—r+—u+bv
mw+u+v K
u+§v+%w r

=ca—2———dy—-r+—u+bv
mw+u+v K

r
>ca—dy—1r+—u+bv
K

Page 5 of 20
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hold under the assumptions that mc <1 and 8 > «. As a result, (s — fo)v + (5 — fi)u >
(ca —dy +d)v+(ca—dy— 1+ %u)u > 0, since ca — dy > r. Thus, applying the positivity
lemma [31] to (2.3), w > u + v holds if wy > ug + vo. In the light of these facts, the main

result is satisfied; specifically,

r w
u;—dAu=u r——u—ai—bv
K mw+u+v

r aw
<u|lr-—-u-
|: K mw+w:|

r o
=u|lr-—u-
K m+1

<0,
since 17— > r. Thus, lim; ., w = 0 on Q. Consequently, lim;_, o, = 0 and lim,_, . v = 0 on
Q since w > u + . O
Theorem 2.5

(i) If there exists a positive constant 6 such that

rm—a+dom < (co —r —dy)0,
(2.4)
dgl’}’l —dlm — ,8 < (Cﬂ + dl - d2)0,

holds, then the region X = {(u,v,w) : u,v,w > 0,u + v < Ow} is an invariant set for
(1.1).
(ii) In addition to (2.4), if -m + % > 0, lim,_, o u = e for the initial function
(49, Vo, Wo) € 2.
(iii) In addition to (2.4), if cmax{c, B} < ds, lim;_, o W = e for the initial function
(u9, Vg, W) € Z.
(iv) In addition to (2.4), if cB > ca > dy and 0 < %, lim;_, o u = g for the initial

function (ug,vo, o) € .

Proof (i) Let G(u, v, w) = u + v —6w. To achieve the desired result, Corollary 14.8 of [33] is
used; in particular, we will show that (ufi, vf2, wf;) points into X on dX. On the boundary
of X (except for the boundary u + v = Ow), dG - (ufi, vf2, wfs) < 0 can easily be verified.

It is straightforward to show that dG - (ufi, vf2, wf3) < 0 on the boundary u + v = Ow. In
fact,

dG - (ufi, v, wfs)
= (1’ 1, _9) . (uﬁ’ Vf2’ Wfé)
=ufi + vl — Owfs

=u|:r—iu—L—bv:|+v|:bu—d1—ﬂ7Wi|

K mw + 60w mw + 0w

—Qw[—d2+ cau cBv ]

+
mw+0w  mw+ 60w
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=u(r— ¢ )—1u2+d29w—v(d1+ p ) cabu _ cpov

m+6) K m+0) m+0 m+0

0 0
=ulr- i +dy - «“ +vldy—di - P - b —Lu2
m+6 m+6 m+60 m+0 K

<0.

The last inequality holds by assumption (2.4).
(ii) Since X is an invariant region under assumption (2.4), u + v < 0w holds for
(¢0,v0, wo) € X. Thus, the following inequality is satisfied if u + v < 0w and -m + % >0

r w
u;—dAu=u r——u—ai—bv
K mw+u+v

r aw
<u|lr- —u- ——
[ K mw+9w]

Therefore, lim;_, o, # = 0 on Q. Consequently, v and w go to zero as t — 00.
(iii) By assumption, w goes to zero as t — co. Also, # and v go to zero as ¢t — oo since

(u,v,w) is contained in .
(iv) Adding the first and second equations in (1.1) and using the facts that # + v < 6w and

B > « imply

(u+v)e—dA(m+v) =ufi(u,v,w) + vh(u,v,w)

<u r—iu - u— p v—dv
K m+6 m+6

r
§u<r+d1—Eu)—(moig+d1>(u+v)
2
55<”d1> —< al +dl)(u+v).
r 2 m+0

Thus, limsup,_, . (u +v) < dl(:n”:g)m 17<(”2d1 )2 := p, as in Theorem 2.2. Hence, there exists a

T, such that u(t,x) + v(t,x) < p + & on Q for time ¢ > Tj.
Consider the third equation in (1.1):

wy — DAw = wfz(u, v, w)

<w[ cBu+v) —dz]

mw+u+v
< W[(Cﬁ —dy)(p +¢) - dzmw]. (2.5)
mw+p+e

Then there exists a T; > T, such that w(¢,x) < cg;:f (p +¢) +¢& on Q for time ¢ > Tj. Since
u + v < 0w holds, u(t,x) + v(t,x) < 9[%(,0 + &) + €] := p(e) is satisfied on  for time

t>1T1.
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Figure 2 Local stability of e; when the condition of Theorem 2.6 holds
(d=0.01,0=0.01,r=0.5,b=0.430,d; =1.0,d> =2.0,K =1.0,a = 1.2, =&, c = 1.0,m = 10.0).

Lett = %[1 +6L=%] Under the assumption that 6 < dam_+ < 11is satisfied. Since 0(0) =

dom ca—dy’
G'Cg;izﬂ < 7p, if a sufficiently small ¢ > 0 is chosen such that p(¢) < tp, u(t, %) + v(t,x) <
Q[Cﬂ*dz (p+e)+el<tponQfort>Ti.

dom
Now, consider (2.5) under the restriction that u(¢,x) + v(¢,x) < tp. Then limsup,_, ., w

< %rp. Thus, there exists a T, > T7 such that w(t,x) < ng

Again, u(t,x) + v(t,x) <0 [%(m) +¢e] <1%pon Q for t > T, and for a sufficiently small

%10+ on fortimet > To.
m

e>0.
Inductively, there exists a sequence T, with T), — oo such that u(t,x) + v(t,x) < t”p on
Q for t > T,,. Moreover, since T < 1, # + v — 0 uniformly on Q as t — co. Consequently, w

goes to zero as ¢ — oo as well. O

2.2.2 Asymptotic stability of e;
In this subsection, we investigate the stability at (K, 0,0) under the following conditions:

d; > bK, dy>ca and r> g. (2.6)
m
The next result implies that only the susceptible prey can survives (Figure 2).

Theorem 2.6 Under assumption (2.6), lim;_, o u = e; uniformly on Q.

Proof From Theorem 2.2, we already know limsup,_, ., # < K. Furthermore, since d; >
bK, v, — dAv = vfy(u,v,w) < 0 implies v — 0 uniformly on  as ¢ — 0o. Thus there exists
a T1 > 0 such that v < ¢ for an arbitrary ¢ > 0 and ¢ > T3. Since ¢ is arbitrary, the assump-
tion that dy > ca and the comparison principle imply w — 0 uniformly on Q as £ — oo.
Therefore, there exists Ty > T; such that w < ¢ for t > T5.

Note that liminf;_, o, u# > (r — be — %)If := O can also be obtained using the methods

from Theorem 2.3. Since ufi(u,v,w) > ulr — pu — >~ — be] > ulr — pu - —=5— — be]
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Figure 3 Local stability of e; when the condition of Theorem 2.7 holds
(d=0.01,D=0.01,r=0.5,b=0.430,d; =1.0,d> =0.5,K = 1.0, =3.5, =&, c = 1.0,m = 10.0).

for ¢ > Ty, liminf, .o > (r - be - %

Therefore, since ¢ is arbitrary, lim;_, ., u = e; uniformly on Q. O

)17( > O follows from the comparison principle.

2.2.3 Asymptotic stability of e,
We investigate the stability at (K (1 — cazdr) 0, 9= pr(1 — ©=%2)) ynder the following con-

cmr dom cmr

dition:

rmdy < (rm — a)(ca — d»), bK <d; and 0<ca—d,<cmr. (2.7)

For simplicity, let u} = K(1 - Ci;jz) and w} = C;;Zf us.
The following theorem indicates that one can control the infected prey, namely, only the

infected prey can be removed out under some conditions (Figure 3).
Theorem 2.7 Under assumption (2.7), lim;_, o u = ey uniformly on Q.

Proof We prove this theorem by induction. First, consider the following parabolic prob-

lem:

ﬁlt - dAﬁl = ﬁl(}‘ - %ﬁl) in (0, OO) X Q,
% =0 on(0,00) x 0L,
u1(0,%) = ug(x) in Q.

Then there exists a 7+ > 0 such that u <% (= K) + ¢ on Q for ¢t > T} and a sufficiently

small € such that %1 -K>¢e>0.
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Next, consider the following problem under the condition that bK < d:

—dAV =v(b(u} +¢) —dy) in (T}, 00) x L,
=0 on (T},00) x 3L,
7(0,%) = v(Tt,x) in Q.

Then there exists a T3 > T} such that v < ¢ on Q for t > T3.

Consider the following problem:

—dAu; = u(r— % —be — fu;) in(T3,00) X Q,
_n =0 on (T}, 00) x 0%,
u,(0,x) = up(x) in Q.

Then there exists a T3 > T3 such that u > u}(= £(r— £)) — (1 + £)e on Q for ¢ > T}. For
simplicity, and since the choice of ¢ does not affect our proof, redefine (1 + )5 by ¢ > 0.
Consider the following problem:

o (uf —¢) .
- DAw, = 1(;‘:11”? ~dy) in(T3,00) x Q,

=0 on (T3,00) x 9,
m(O,x)=W(T31,x) in Q.

Bwl

Then there exists a 7} > T such that w > w}(= CZ ) u})—eonQ fort> T

Consider the following problem:

ca ”l +&) cBe . 1
—DAw, =W (mW1+u — —dy + m(ﬂﬁg)ﬂ) in (T, 00) x €,

"Wl =0 on(T},00) x 32,
_1( ,%) =w(Th,x) in Q.

Then there exists a 73 > T} such that w < W} (= “”dz “27}) + € on Qfort> T}
Consequently, for t > T! = T2 and x € Q, the relatlon

Ui —e<u<u+e,
O0<v<eg,

Wi—e<w=w +¢

are satisfied.

For induction, consider the following problems for 7"! < 77! < 7= < 737! < 77!
and n > 2:

a(wy -¢) ro : n-1
e re Eun) in (T, 00) x ,

"”" =0 on (T",00) x 9%,
u,,(O,x) =u(T" %) inQ,

Ty — A ATy = Ty (r —
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—dAV, =v,(b@ + &) —dy) in (T7,00) x Q,
3"” =0 on (7! 00) x 32,
\7n(0,x) =v(T7 %) inQ,

—DAwW, = w,,(mcz ‘i;i)s —dy + (J{ﬂ_ge)w) in (757, 00) x Q,

BW” =0 on (T3, 00) x 0%,
Wn(O,x) =w(Tyhx) inQ,

Whve) . -
u t—dAgn:gn(r—%—bs—%gn) in (757, 00) x Q,

My~ 0 on (T4, 00) x I,
u,(0,x) =u(Ti,x) ingQ,

- DAw, _n(%w dy) in (T}, 00) x ,

=0 on (T}, 00) x 3,
yl(O,x) =w(Tj %) inQ.

r)wl

Therefore, for t > T" = T;’_l, n>2andx € Q,

* —x
u,—-e<u=su,+e,
0<v<e,

* —x
W,—e<wW=<W, +¢,

«

— I( aw, |

U, = r— * —% ’
r mwy_| + U,

. Co—dy_,
W —

u,
n dym n
., K oaw,
w,=—\r-——>51J
r MW + Uk |
. co — d2 «
- dom ="

Note that u), W}, u’, and w are all positive constants. Moreover, the following mono-

tonicity holds:
* * * * —% —k . —k
U <Uy < =u, <---<uy <--U,<- Uy < U,
* * * * —x —x —x
W SWy < o SW, < Swy <--ew, < W, S W,

. aw,, aw, 4 awy, < OIWZA . . * ook
since iy > St and P S for all # by induction. Also &, < uj <
—% . awr_ & L;;lnz co—dy aW’;

u,, holds for all #, since —==L— < L < — for > 1 and by the
mwy i, g m& cm MW+ w_y
dym

definitions of W}, and w. It follows that w’ < wj <w’, for all n.
Thus, since the constant sequences {u,} and {w)} are monotone nonincreasing, and
bounded from below, and the sequences {«} and {w}} are monotone nondecreasing, and
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bounded from above, the limits of these sequences exist. Denote these limits by u, w, u,

and w, respectively. Consequently, # < uj < u and w < wj <w. The following also holds:

— _ K,  _aw
u= ( mw+ﬁ)’
— _ ca-dy—
w= d2m bl, (2 8)
u=5@r- o) ‘
=" r mw+u’’

_ ca—dy
W="gom Y

Suppose to the contrary that % # u. The first and third equations in (2.8) can be rewritten

as
, OICZ d2ﬂ
F——pg-—2"" _9
K ca—dy ’
mdm M+I/l
aw_dzﬁ
r dzm
T RE T e =0
K ML+ U

respectively. These two equations imply

co— d2 cou—dy —

(rm—a) - 2u+ri—m uu—~uu =0
2 an =K ' (2.9)
(rm — a)cg 2u+ru——mczm2 uu - fuu  =0.

Subtracting the second equation from the first equation in (2.9) yields

— ro_ co —dy
(M—Z)(r—?(u+g)—(rm—a) Zom ):o,

By assumption, since z # u (i.e., u > u), A:=r— (U +u) - (rm - )7 o dz must be zero. But

< 0from (2.7). Hence, u = u = u}; likewise, w = y = wj. Consequently,

ca—dy
A<r—(rm-a) Do

as time ¢ goes to infinity (i.e., n — 00),

are satisfied for an arbitrary ¢ > 0. Therefore, the desired result is achieved. O

In the following theorem, we modify the condition that bK < d in (2.7) by reversing the
inequality, i.e., bK > d;, since bK < d; causes v to converge to zero automatically.

Theorem 2.8 If the following conditions hold:

rmdy < (rm — o)(ca — dy),

di <bK <dj +

mo +6’
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0<ca—dy<cmr,

o
r>— +bo,
m

K(M

5 )2 and o := M(r - b9)17<, then lim;_, o, u = ey uniformly on Q.

where 6 = v
om m

T4

Proof First, note that there existsa 77 >0 suchthatu <K +ecandu+v<6 +¢efort > T
and x € Q, as in Theorem 2.2.
Consider the following parabolic problem:

—dAU =U(r— 5 -b(0 +¢)— zU) in(T1,00) x Q,
% =0 on(7T1,00) x 0€2,
U(0,x) = u(Ty,x) in Q.

Then there exists T, > T7 such that u > (r — £ 1’99)1< —eon Q for t > T. It follows that
w>o—¢fort> Tsandx € Qwhere T > Ts. Now, we are ready to prove thatlim; ., v=0
uniformly on Q.
Consider the following problem:
—dAV =V(b(K +¢) - # —dy) in(T3,00) x Q,

%—‘U/ =0 on (T5,00) x 9%, (2.10)
V(0,x) = v(T3,x) in .

For a sufficiently small € > 0, the right hand side of the first equation in (2.10) is negative

because bK < d; +

ma+0
Hence, similar to Theorem 2.7, there exists T4 > T3 such that 0 <v < ¢ for t > T,4. The
remainder of this proof follows using the same argument as Theorem 2.7. O

2.2.4 Asymptotic stability of e3

In this subsection, we investigate the stability at (%, %(r -z %1) 0). Before developing our
argument, we define the following notation, which is similar to the notation defined in
(34, 35].

Notation 2.9

(i) ws: Eigenvalue of —A on €2 under Neumann boundary condition.

(i) E(u;): The eigenspace corresponding to i;.
(iii) {@;:j=1,...,dimE(u;)}: An orthonormal basis of E(u;).
) X ij = ={c- (011|C € RS}-

) X

={u=(u,v,w) € [CH(Q)]? 3—'; = 3—; = 57 =00n 9%}

(iv
(v

The eigenvalues in (i) satisfy 0 = u; < po < 3 < -+~ — 00. Also, X = @, X;, where X; =
@]dulnE ") X Now, we show the local stability at es.

The susceptible prey and the infected prey may survive together without the predator
(Figure 4).

Theorem 2.10 If max{a, B} < 2 2 and dy(r + bK) > b’K* > di, then equilibrium es of (1.1)
is locally asymptotically stable.
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x=0.5
35 : ‘ -
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— — Infected prey
3T —-—- Predator il
25f 1
=) \ —
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§ 2 | / B
C \
2 |
25 \ / .
Q N\ Vo
& A\ /
\
LA B |
\
,\ .
05+ 4
N
N <
0 \“\rr‘,i,777| 1 L 1
0 50 100 150 200 250 300
Time
Figure 4 Local stability of e3 when the condition of Theorem 2.10 holds
(d=0.01,0=0.01,r=1.5,b=0.5,dy =1.0,d> =2.0,K=3.0,a = 1.5, =, c=1.0,m = 10.0).

Proof First, note that the above assumptions guarantee the positiveness of e3. For simplic-
ity, let uf = %’ and v} = %(r — z43). The assumptions that max{a, 8} < d% and d;(r + bK) >
pan and (£)%uj — b*v3.

The linearization of (1.1) is u; = (DA + Fy(e3))u at the constant solution ez, where u =
(u(t,x), v(t, x), w(t,x))T, F = (ufi, vfo, wfs),

b*K? also guarantee that the positivity of © := (o +(ey—cPvy

d 0 0 —xuy —bus i
D=(0 4 of and Fules)=| oz 0 -4
M3+V3

0 0 D 0 0 -0

For i > 1, Xj is invariant under the operator DA + Fy(e3). Note that A is an eigenvalue of this
operator on X; if and only if it is an eigenvalue of the matrix —u;D + Fy(e3). The coefficients
of the characteristic polynomial det(AI + ;D — Fy(e3)) are given by A3 + A;A% + Bid + C;,
where

A;=Q2d+D)u; + Luﬁ +0©>0,

K
B; = (d +2D)du? + ((iug + 2®)d + 1u§D>m +PUVE + Luﬁ(ﬂ >0,
K K K

r k kK r k k%
C;=d*Dp; + <Eu3dD + d2®>,ui2 + <2b2u3v3D + Eugd(@)m +2b* U550 > 0.

It is easy to verify that A;, B; and C; are all positive.
Finally, we obtain A4;B; — C; = t}p3 + tu? + v, + v}, where

7} = (2d + D) (d2 +2dD) - d*D =2d(d + D)* > 0,

¥ = (2d + D) 1u§+2® d+1u§D +d21u§+dD 1u§+2® >0,
K K K K
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x=0.5
14 : ‘ -
; — Susceptible prey
r — — Infected prey
12y “ —-—- Predator il
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Figure 5 Local stability of u, when the condition of Theorem 2.11 holds
(d=0.01,D=0.01,r=0.3699, b = 0.430,d, = 0.0291,d, = 0.0069,K = 0.9299,« =0.0122, 8 = ¢,
¢=28.0999, m =50.3).

t} = b*ulvi2d + I%@d@ + 211(u§®D

2
+ (I%ug‘ + ®> (I% + 2®>d + ((%) wyus — b2u§V§>D >0,

2
r ro, r
Tt = zbzuﬁv’g + ?u3®2 + ((1—<> uzuy — b2u§v§>® > 0.
Hence, A;B; — C; > 0 for all i > 1. From the Routh-Hurwitz criterion for each i, the three
roots of A3 + A;A% + B;A + C; = 0 have negative real parts since A;, C;, and A;B; — C; > 0.
The remainder of this proof follows from Theorem 5.1.1 in [36]. O

2.2.5 Asymptotic stability of u,
We investigate the asymptotic stability of the positive equilibrium point under (2.2) and

the following conditions:

mc > 1, o= ﬁ’

ds < ca, (2.11)
db co—dr by o r - bdi dom

max{ co o dom dl} = K = o ca—dy "

Here, we can choose numerical values that satisfy condition (2.2) and (2.11), for example,
r=0.3699, b =0.430, d; = 0.0291, K = 0.9299, « = 8 = 0.0122, m = 50.3, ¢ = 8.0999, and
d, =0.0069.

The final result says that all three species can survives together under specific conditions
(Figure 5).

Theorem 2.11 If (2.2) and (2.11) hold, then the equilibrium solution u, of (1.1) is locally
asymptotically stable.

Page 15 of 20
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Proof The linearization of (1.1) is u; = (DA + Fy(u,))u at the constant solution u,, where
u = (u(t,x), v(t,x), w(t,x))T, F = (ufr, via, wfs),

d 0 0
D=|0 d 0
0 0 D
and
_r awsy _ _ Use+Vy
s ( xt (mw*+u*+v* 2) e (mMWse +its +v5 )2 b) O”'t”‘((mw*+u*+v*)2)
_ Byiwy Us+Vx
Fy(u,) = V*((mw s +v* )2 +b) ((mw*+u*+v*)2) ’BV*( (MW +1ts +Vs) 2)
camwy+c(a—B)vs cBmwy+c(B—o)us c(outs+BVvy)
Wi (MWs +its +v5 )% Wi (MWs +its +V5 )% WIW*( (MW +Us+Vs) 2)

The following notation is adopted for simplicity:

Ly Ly L
Fu(uy) = | Lu Ly Ly |. (2.12)
Ly L3 L

For i > 1, X; is invariant under the operator DA + Fy(u,), and A is an eigenvalue of
this operator on Xj, if and only if it is an eigenvalue of the matrix —u;D + Fy(u,). The
coefficients of the characteristic polynomial det(AI + ;D — Fy(u,)) are given by A3 + A;2 +
B;)\ + C;, where

= (2d + D)pu; — L1y — Ly — L33,
Bi=d(d + 2D)Ml<2 + (—(Ln +Lyg +2L33)d — (L1 + L22)D)Mi + Ll
+LyoLas + Lz — Li3Lay — L3a Loz — Lot Ly,
Ci=d’Dp} + (—(Lu + Lp)dD — d*Laz) ] + ((LuLss + Lo Las — LisLay — Ly Laz)d
+ (LuLay — Ly1L1o)D) i — L Lo Lss — Lo LisLsy — Lg1 L1z Loz + LisLa1 Loy

+ L3pLozlyy + LoiLipLss — LopL33Laz + LizLy1 L3y + L3 LipLys.

We now verify that the coefficients A;, B; and C; are positive under assumption (2.11). In

particular,
r mc — 1)aw, (i, +v
- Ly gy = Ly Vel 4 v)
K (mwy + Uy + V)
r AUWy ﬁV*W*
=Ly — Ly = —uy — -
S (MW + s + V)2 (MW, + Uy + 1v,)?
r (i, + ) Wi

*
K MWy + Uy + Vo MWy + Uy + Vy

r dz bl/l* d1
= —u* - —
K c o
r dzb dzdl
= =-—Ju,+ — >0,
K ca ca
since -2t _dy qpq we _ bi=di Algq [ [, —2Ls3 >0 since Lz < 0.
MWy +Usx+ Vi (4 MWy +Ux+Vx o
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ca—dy

Since w,, = dom

(s + V), D(tty +v,,) =17 — %u* +dyand r— %u* >0,
Ly1Lyy + LygLaz + Ly1L33 — L13L31 — L3a Loz — LotLyp
U Wy

r
=b’uv, + —a

X m(n’lcw* + (mC - I)V*) >0,

r (s + Vi) Wy
LiLss + LysLss — LigLsy — Lgo Loz = —mcuo ————— >0,
K (mwy + Uy + vy)

L11L22 - L21L12

v 4 W + b
=u -
o K (mw, + s + v,)?

r co—do Uy + Vs 9
= U V| —0— 5+ b
K dom (mw. +u, +v,)

—d 1
Zu*v*<— re-h +b2)

o —
K dom u,+v,

—d b
= M*V*( i 2 + bz)

—a—
K dym r- %u* +d;

reo—dy 1
Vb —o— —+b)>0
> UV, (aK dom d1+ )>

and

—LLyyLsz — LyyLizLay — La1LyaLys + LizLai Loy + LasLozLig + LojLiaLas

Uy + Vy

= cab*mu, v, w, 0.

T
(MW + iy + v,)2

It follows that A;B; — C; = t} 2 + t?u? + T2 i + 7', where

t} =2d((2d + D)D + d*),

t? =d*(=3Ly; — 3Ly — 4L33) + D*(=Lyy — Lyp) + 4dD(~Lyy — Loy — L33) > 0,

) =d[(Lulx + LyoLss + LuLss — LisLa1 — L3pLos — Lo Lp) + (LuLa — Lai L) |
+d(=Ln — Loy — L33)(—=L1u1 — Ly — 2L33) + D(=L11 — Ly — L33)(—=Ln — L22)
+D[(~Lu1 — Ly2)(~Lss) + (~LsaLa3) + (—L13La1) | > 0,

T, = —LulnLla — LuLnLss + LunLizLs + LuLyLiz — LuLaaLys — LaaloysLas
—LuLaLss + LoaL3aLos + LonLagLag — LunLooLas — LinLazLas + Li3L31Lss
+ L3pLoslas — LoaLazLss + LizgLoiLsy + LaiLiaLos.

The positivity of 7 and ? follows directly from the above calculations. Now, we investi-
gate the sign of t* for Ly3L3y = Ly;L33. Note that

" r aw,
— =Uu S
R e (mw, + ty +v,)?

r ca —do Uy + Vs
=u,| — -«
K dom (MW, + iy + Vv,)?
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ca—do
dom

we obtain the positivity of

I

K

I

Uy +dp,and r — Ve

since w, = (s + Vs), D(thye + Vi) =7 — u, > 0. Finally, since L3 = Ls,

1 = (=L = Las)(LuLay — LioLoy) + (=L11)(=L33)(=Li1 — Lao)

+ (=Li)Lss(—Lay — L33) + YT > 0,
where

Y = Li3L31L11 + LiaLa1 Lz + LigLo1 L3y + L31L12Lo3

UV Wy uw,

=Ly ((mc — Do (u, +vs) + (mc — D)o (uy + v4)

(mw, + u, +v,)* (mw, + u, +v,)*

or(uy + vy)

(—L11)> > 0.

(mw,, + u, + )2

Hence, A;B; — C; > 0 for all i > 1. From the Routh-Hurwitz criterion for each i, the three
roots of A3 + A;A% + B\ + C; = 0 have negative real parts since A;, C;, and A;B; — C; > 0.
The remainder of this proof follows from Theorem 5.1.1 in [36]. O

3 Conclusion
A diffusive predator-prey model with a ratio-dependent functional response and infected
prey population was investigated under homogeneous Neumann boundary conditions.
We showed that depending on initial data, all species can become extinct if the predation
rate is small and the searching efficiency constant of the predation rate of the predator for
the susceptible prey is large; in other words, the predator overeats the susceptible prey. On
the other hand, we showed that the infected prey becomes extinct if the death rate of the
infected prey is sufficiently large without respect to the initial data. Furthermore, the same
conclusion holds even if the death rate of the infected prey is relatively small. In [37], the
authors proposed a model by considering that the encounter infection rate is meaningful
only in the case that it follows the law of ratio-dependence and not the law of simple mass
action. They showed that the model exhibits parasite-induced host extinction. Such an ex-
tinction is similar to that induced by a ratio-dependent predator-prey functional response.
The stability of the disease-free equilibrium e, implies that under certain conditions, total
extinction is not possible and the introduction of infected prey into the system may act as
a biological control to save the ecosystem from extinction.

In the case that the searching efficiency constants of the predation rate for the suscepti-
ble and infected prey are the same, if the maximum per capita capturing rate of the preda-
tor for the susceptible prey is small, i.e., the predation rate is sufficiently large, then the

positive equilibrium point is locally asymptotically stable.
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Asregards application, the model with ratio-dependent functional response in this study
can be used and improved to describe the interaction among the diseased-species in
ecosystems, the susceptible species, and additional species with a certain biological prop-

erty.
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