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Abstract. A diffusive ratio-dependent predator-prey system with Holling-III functional response
and delay effects is considered. Global stability of the boundary equilibrium and the stability of
the unique positive steady state and the existence of spatially homogeneous and inhomogeneous
periodic solutions are investigated in detail, by the maximum principle and the characteristic
equations. Ratio-dependent functional response exhibits rich spatiotemporal patterns. It is found
that, the system without delay is dissipative and uniformly permanent under certain conditions,
the delay can destabilize the positive constant equilibrium and spatial Hopf bifurcations occur
as the delay crosses through some critical values. Then, the direction and the stability of Hopf
bifurcations are determined by applying the center manifold reduction and the normal form theory
for partial functional differential equations. Some numerical simulations are carried out to illustrate
the theoretical results.

Keywords: Hopf bifurcation, ratio-dependent, Holling-type III, delay, diffusion, global stability,
uniformly permanent.

1 Introduction

The well-known Lotka—Volterra type prepator-prey system describing predator-prey inter-
actions has long been and will continue to be one of the dominant themes in both ecology
and mathematics [1]. Generally, a predator-prey model can take the form

< = u(a— bu) — vg(u),

h ()
oot

dt v J ’
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Stability and bifurcation in a ratio-dependent Holling-III system with diffusion and delay 133

where u, v stand for prey and predator density, respectively. a, a/b, d, s/c are posi-
tive constants which denote prey intrinsic growth rate, carrying capacity, predator death
rate and conversion rate, respectively. g(u) is the prey-dependent functional response,
particularly, g(u) = cu?/(m? + u?) is so-called Holling-type III, first proposed by
Holling [2]. Some biologists have questioned the functional response solely depending
on prey density, for example [3-5], especially when predators have to search for food
(and therefore, have to share or complete for food). A more suitable predator-prey theory
should be the so-called ratio-dependent theory. We replace g(u) by g(u/v). That is, the
per capita predator growth rate is a function of the ratio of prey to predator biomass, which
is strongly supported by numerous fields and experimental data [3,4]. The ratio-dependent
predator-prey system (1) with Holling-type III takes the form

d—u =u(a —bu) — 7%21}

dt m2v2 4+ u2’

dv su? )
B L

dt U( m2v? + u2>7

where u? /(m?v?+u?) denotes the predator response function, s stands for the conversion
rate.

The above model can produce the richer and more reasonable dynamics biologically
[3,6,7]. It is well known that the past history and current state can affect the dynamics of
models. The effect of gestation delay has been studied by many authors [§—11]. Assuming
the reproduction of the predators after eating the prey will be not transient but need some
discrete time lag, we introduce a delay to the system (2) to make it close to reality.

Particularly, by using the continuation theorem of coincidence degree theory, Wang
and Li [12] investigated the existence of positive periodic solutions for a delayed ratio-
dependent predator-prey model with Holling-type III functional response in the following
form:

) ! c(t)u®(t)v(t)
= () (a(t) — b(t) / k(t — s)u(s) d5> T m2e2(t) + u(t)’
sl ) :
sul(t — 1

m2v2(t — 1) + u?(t — 7)

where a(t), b(t), ¢(t) and d(t) are all positive w-period functions, m > 0 and
k(s): RT = R*

is a measurable, w-periodic, normalized function such that fioo k(s)ds = 1. Clearly,
ffoo k(t — s)u(s)ds = u(t) when k(s) = §(s), where &(s) is Dirac delta function at
s = 0. In the case that k(s) = 6(s), and a(t), b(t), c(t) and d(t) are all positive constants,

Nonlinear Anal. Model. Control, 2014, Vol. 19, No. 1, 132-153



134 W. Zuo, J. Wei

(3) becomes

du(t) cu?(t)v(t)

ar — 0=t — s e
do(t) su?(t —7)

a — W (_d TR 1) 1 a2t - T)>'

Xu, Gan and Ma [13] studied the global stability of the equilibria of the above system and
the existence of Hopf bifurcation. Our work is an extension of the work in [13]. Assuming
that predators and preys are in an isolate patch in which the impact of migration, including
immigration and emigration, can be neglected, we only consider the diffusion of the
spatial domain. It has been shown that the reaction-diffusion system can generate more
complex spatiotemporal patterns [14-23]. We consider the ratio-dependent Holling-III
predator-prey system with delay and diffusion

au(l’,t) CuQ(x’t)U(m’t)
= dyAu(z,t t)(a —bu(z,1)) -
ot v, ) +ule, ) (0 = bule,0) = 5 e =y
€T € (O,Zﬂ'), t 2 07
Ov(z,t) (et = 1)
— doA t) — t)|d—
ot 2Av(x,t) — v(z,1) m2v?(z,t — 1) + u? (v, t — 1) ] “®
xT E (07Z7T), t > 07
Ju Ov
_— = — = = z
5, =5, =0 #=0Im t>0,

u(z,t) = p(x,t) 20, v(z,t)=¢(x,t) 20, (x,t) €]l0,ln]x[-T,0],

where A = 92 /92 denotes the usual Laplacian operator in the one-dimension space, d,
ds denote the diffusion rate of prey and predator, respectively. We assume that d; > do,
which implies that the prey has some hope of escaping. v is the outward unit normal on
012, and the homogeneous Neumann boundary conditions imply the closed domain where
the populations can not move across the boundary of the domain.

Let @(x,t) = (b/a)u(x,t), v(z,t) = (b/a)mv(x,t) and h = c¢/m, ¢(x,t) =
(b/a)d(x,t), ¥(x,t) = (b/a)my(z,t), and drop the bars for simplicity of notations,
then (4) can be transformed into the following system:

Ou(x,t) hu?(z,t)v(z,t)
prani di Au(z,t) + au(z, t) (1 — u(z,t) — @) + 2@ 1)
z € (0,lm), t >0,
ov(z,t) su?(z,t — 1)
5 = daAv(z,t) —v(z,t)|d — o] P e s )

xz € (0,lm), t >0,
uz(0,t) = uz(Im,t) = v:(0,t) = v (Im,t) =0, ¢ =0,
u(z,t) = o(x,t) 20, v(z,t)=19(x,t) 20, (z,t)€][0,ln]x[—T,0].
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Stability and bifurcation in a ratio-dependent Holling-III system with diffusion and delay 135

In addition, what is more important in ecosystem is whether the species would survive
in the long run. That is, whether the system is permanent. In the present paper, we aim
to study the uniform permanence and dissipativeness and investigate the effects of the
delay and diffusion on system (5). The main results are that, the boundary equilibrium is
globally asymptotically stable if s < d and 2a > h, and unstable if s > d for all 7 > 0.
The delay and diffusion have no effects on the stability of the boundary equilibrium. In
addition, the system without delay is dissipative when s > d and is uniformly permanent
when s > d, 2a > h. And, if s > d, there is 7 > 0 such that the positive constant
equilibrium is stable for 7 € [0,7) and unstable for 7 € (7,+00). And a family of
homogeneous, as well as inhomogeneous periodic solutions, may bifurcate from the
positive constant steady state under some certain conditions, by virtue of the effects of
diffusion and delay.

The rest of the paper is organized as follows. In Section 2, the global stability of
the boundary equilibrium and the stability of the positive coexistence of system (5) are
studied in detail. And the dissipativeness and uniform permanence of the system without
delay are investigated by the comparison principle. And we also consider the existence of
Hopf bifurcations as the delay 7 crosses a sequence of critical values. In Section 3, the
direction and stability of the Hopf bifurcations are given. Some numerical simulations are
carried out to illustrate the theoretical results in Section 4.

2 Some dynamical behaviors of the system

Firstly, we make the following assumptions:

(H1) di,ds,a, h,d and s are all positive constants, and d; > d».

(H2) s> dand hy/(s —d)d < as.

It is easy to check that system (5) always has a unique boundary equilibrium point
E1(1,0). And the system has a unique positive constant steady state F(u*, v*) if and only
if (H2) holds, where u* = 1 — h/(as)\/(s —d)d > 0, v* = as/(hd)u*(1 — u*) > 0.
Next, we study the stability of the boundary equilibrium.

2.1 Global stability analysis of the boundary equilibrium
The linearized equations of system (5) at (1, 0) are given by

% = dlAu — au(x,t) - ]’L’U(l',t),
o0 ©
E = dgA’U + (S - d)’l)(l',t)

From the properties of the Laplacian operator defined on the bounded domain the operator
on X has the eigenvalues —n? /I with the relative eigenfunctions

1 cos?:z: 2 0 .
Bn_( 0 )a Bn_(cos’;x)’ 7’?,—0,1,2,...,
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where

~Ou(x,t)  Ov(w,t)
" Or Ox

X = {u,vEWQ’Z(Q) =0, xeag}
and 2 = (0, In).
The characteristic equations of the linearized equations (6) are given by

2 2
<>\+dll;1+a>(A+djg+ds) =0, n=0,1,2,....

Thatis, \; = —d1n?/I? —a <0, \y = —don?/I> + s —d < s—d,n=0,1,2,....

Then we know that all the characteristic roots of the linearization of system (5) at
E4(1,0) are negative if s < d. And there is at least one positive characteristic root, if
s > d. Combining the stability theory, we can obtain the following result.

Theorem 1. Suppose (H1) is satisfied. Then the boundary equilibrium E1(1,0) of sys-
tem (5) is locally asymptotically stable if s < d and unstable if s > d for all T > 0.

In the following, we shall apply the comparison method in [6,22,23] to obtain that,
E1(1,0) is globally asymptotically stable for all 7 > 0 under the certain conditions.

Theorem 2. Suppose that (H1), s < d and 2a > h are satisfied. Then for any initial
value p(x,0) > 0, Y(x,0) > 0, 0 € [—T,0], the corresponding solution (u(x,t),v(x,t))
of system (5) converges uniformly to F1(1,0) as t — +oc. Thus, the equilibrium E1(1,0)
is globally asymptotically stable.

Proof. Ttis easy to see that all the solutions (u(z, t), v(z, t)) of system (5) are nonnegative
by the maximum principle. And since ¢(x,t) > 0, u(z,t) is strictly positive for ¢ > 0. It
is well known that if w(z, t) satisfies

%—o:—dAw:w(a—bW), x €, t>0,
oy, wean, t>o,
op

w(z,0) =2 0(#£0), xe€l,

where d, a,b > 0, then w(x,t) — a/b as t — ~+oo uniformly in z € 2.
By the second equation of system (5), we know that

2 —
v dyAv = —du 1 su®(z,t — 7)v(z,t)

ot u?(z,t — 1) + 02 (x, t —7)

< (s —d)v.

By the comparison principle of parabolic equations, we obtain that

limsup max v(x,t) <0, sinces—d <0.
t—+oo z€[0,ln)

Thus
v(z,t) - 0 ast — +oo uniformly in {2. 7
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By the first equation of system (5), we have

% — d1Au(z, t) = u(x, t) (a — au(z,t)

hu(z, t)v(z,t) )

u2(z,t) + 02(, t)
h
>u<a2au>, x € (0,lr),

according to uv/(u? + v?) < 1/2.
From the maximum principle

h
liminf min u(z,t) >1— — = wup >0, since 2a > h. (8
t—+o00 ze[0,ln] 2a

By (7) and (8), we have that

hu(z, t)v(z,t)
im
t—+oo u2(x,t) + v2(z,t)

=0 uniformly in (2.

Then, for all € € (0, a), there exists T'(¢) > 0 such that

hu(z, t)v(z,t)
u?(x,t) +v2(z,t)

<e Vt>T(e), x €.

On the one hand,

% —diAu(x,t) = u(z,t) (a — au(w,t)

hu(z,t)v(x,t)
a )

u2(z,t) + 02 (, t)
< au(:c,t)(l - U(w,t))a

and

ou B hu(z, t)v(z,t) )
u?(z,t) + v2(z,t)
> u(z,t)(a — € — au(z, t)).

Again from the comparison principle, we can obtain that

€
limsup max u(zx,t) <1, liminf min w(z,t) > 1— —.
t—+oo z€[0,ln] t—+00 z€[0,l7] a

Let € — 0, we have u(x,t) — 1 as t — 400 uniformly in {2. The result is derived. [
2.2 Dissipativeness and uniform permanence of the system without delay

In this subsection, we analyze the dynamical behavior of the system. We assume that the
initial value v(z,0) > 0 for all z € [0,{x]. The system (5) with 7 = 0 is the following
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form:
ou(z,t) hu?(z,t)v(z,t)
=dA t t)(1— t)) —
ot 1Au(z, 1) + au(z, )( e, )) v2(z,t) + u?(x,t)’
x € (0,lm), t >0,
ov(x,t) su?(z,t)v(z,t)
= ds A t)—d t
x € (0,lm), t =0,
Uy (0,8) = ugp(lm, t) = v,(0,¢) = v (Im, t) =0, >0,
u(z,0) = ¢(z) 20 (£0), v(z,0)=1v()>0, =z€l0,lr].
In order to obtain the main result, we first give a lemma.
Lemma 1. Consider the ordinary differential equation
d
= =af@),  alto) = >0. (10)

Suppose f(x) is continuously differentiable with respect to ,
fla)=0 and (x—a)f(z)<0
for a constant a > 0. Then the solution of (10), x(t), satisfies lim;_, o z(t) = a.

Note that the system (10) has only two fixed points x = 0 and « = a. Then one can
prove the conclusion by the uniqueness of the solution. So we omit the detailed proof
here.

Theorem 3. Suppose (H1) is satisfied. Then the system (9) is dissipative if s > d.

Proof. Standard maximum principle of parabolic equations shows the solutions of sys-
tem (9) always exist and are nonnegative. And since ¥ (x,0) > 0, v(z,t) is strictly
positive for t > 0.

By the first equation of (9),

ou

i diAu(z,t) < au(z,t) (1 — u(z,t)).
From the comparison principle we know that lim sup, , , ., max,¢o ;- u(z,t) < 1.

Then, for all € > 0, there is 7' > 0 such that u(x,t) < 1+ eforallt > T, x € [0, ]
By the second equation of (9),

dv(z, t)
ot

suQ(Z,t)
,t) +u2(33,t)>
s(1+e¢)?
< v(:v,t)(d+ (1+€)2+ v2(m,t))
(s = d)(1 +¢)> — dv®(x,1)
(1+ )2 + v (1)

_ dgA’U(ZE, t) = U(Z‘, t) (d + ’02(

fort > T.

=v(z,t)
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Consider the corresponding initial value problem

dz (s —d)(1+¢€)? — dz2(t)
i) 1+e2+22() A(T) = maxv(z, T) >
By Lemmal, we know that lim;_,  », 2(t) = /(s — d)/d(1 + €). Again from the com-

parison principle it follows
s—d

limsup max v(zx,t) < (I+e).
t—+oco x€[0,l7] d
Lete — O,
. s—d
limsup max v(z,t) < .
t——+oo x€[0,ln] d
Hence, system (9) is dissipative. O

Theorem 4. Suppose that (H1) is satisfied. Then system (9) is uniformly permanent if
s > dand2a > h.

Proof. By (8), there exists 7' > 0 such that min,¢po ;- u(x,t) > uo/2 > Oforall t > T
Then, fort > T,
Ov(z,1)
ot

B su?(z,1)
- dau(et) = ol ) (a4 o D)

s(40)?
> v(z,t) <_d+ (“2‘))2(430)2(337&)
(s = dJu — 4402w, )
ud + 4v%(x,t)

=v(x,t

Consider the corresponding initial value problem

dz (s — d)u? — 4d2%(t)

_ = t 5 T = ,T > 0.

ARG wrrTry A1) = maxv(, T)
By virtue of Lemmal, we obtain that lim;_, » 2(¢) = /(s — d)/(4d)ug. Again from
the maximum principle, we have that

—d
ltiinﬁgofxé?éﬁlﬂ v(z,t) = 1 ug > 0. (11)

By (8) and (11), system (9) is uniformly permanent. O]

2.3 Stability of E(u*,v*) and existence of Hopf bifurcation

In this section, under the assumption s > d, we study the stability of the equilibrium
E(u*,v*) and the existence of Hopf bifurcation, by analyzing the distribution of the
eigenvalues.
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Let w = u — u*, v = v — v* and drop the tildes for the sake of simplicity. Then
(5) becomes

5“599? R diAu(z,t) + alu(e,t) +u*) (1 - u(z,t) — u’)
- h(u(z,t) +u*)?(v(z,t) + v*)
(u(w,t) +u*)? + (v(z, ) +v*)%’
8’0(8.5;, t) _ dgAU(ﬂi,t) _ d(’l}(l‘,t) _|_ U*) (12)

s(u(x,t — 1) +u*)?(v(x, t) +v%)
(w(z, t —7) +u*)2 + (v(z, t — 7) + v*)2’

Uz (0,t) = uz(Im,t) = v,(0,t) = v (Im,t) =0, t =0,

and (0, 0) is the constant equilibrium point of (12).
Let

FP(w,0) = alu(e, t) +u*)(1 - ul,t) - u*) ~

s(u+u*)?(v +v*)
(u+u*)?+ (w4 v*)?

f(Q)(u,v,w) = —dv+v*)+

Define f{}” (i +j > 1) and f; (i +j +1> 1) by

) 9t () @ Pititl£(2)

T Quidvd 0,0), Figi = OutOvi Ow'!

(0,0,0).

By virtue of Taylor expansions, (12) can be rewritten as

Ou(x,t) 2hd dh
T diAu(z,t) + <52 (s —d)d — a) u(w,t) — 8—2(2d — s)v(z,t)
1 _ .
3 S 0.0t ),
i+j2>2 (13)
811(63;, b _ daAv(z,t) + 2ﬂ (s — d)du(z,t —T) — 2—d(s —d)v(z,t — )
s s

1 , ,
+ Z 7z'!j!l!fi(jl) (0,0,0)u! (z,t — )0 (x, t)v! (z,t — 7).
itgtl>2

Denote Uy (t) = u(-,t),Uz(t) = v(-,t) and U = (U1, Us)T. Then (13) can be rewritten
as an abstract differential equation in the phase space ¢ = C (|-, 0], X),

U(t) = DAU(t) + L(Uy) + F(U,), (14)
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where D = (', Jand L: % — X, F : € — X are defined by

L() = ((252’1 V(s —d)d —a)pr(0) — L(2d — s>¢2(0)>
/(s — dydpr(—7) — % — d)pa(—T)

and ‘
Zz+]>2 lelf ( )¢ (0)¢;(O>
Flo) = (2) 7 (0)6! ’
ZZ+]+1>2 ilj lllf”l (O 0 0)¢ ( T)¢2(0)¢2(_T)
respectively, for ¢ = (¢1,¢2)T € €

Some computations show that the characteristic equation of the linearization of (14)
is equivalent to the sequence of the transcendental equations

2 did 4 d 2 2
>\2+((d1+dz)72—p))\+ S Spte (k)\+kd1l2+r>:0, (15)

where p = 2hd/s*+\/(s — d)d—a, k = 2d/s(s—d),r = 2d(s — d)/s*(as—h+/(s — d)d).
By (H2), we obtain & > 0 and r > 0.
If dy = dy = 0, then (15) is reduced to

N —pA+e (kA +7) =0. (16)

Obviously, A = 0 is not the root of (16) since » > 0, and Bogdanov—Takens singularity
does not occur at the positive equilibrium E at the absence of diffusion.

Next we consider the system with diffusion. Equation (15) with 7 = 0 is the following
sequence of quadratic equations:

N —-T,\+D,=0, n=0,1,2,..., (17)
where
n2 nd n2
—(d1 +d2)lj +p—k, D, = dida— D — (dap — dlk)*+7"
If h € (0, (as?® + 2ds(s — d))/(2d+/(s — ), then p — k < 0. And hence, from

do < dy, it follows that dop — dlk < (do — dl)k < 0. This and r > 0 imply that
T,.<p—k<0, D,>20 VneNy={0,1,2,...}.

Thus, the roots of Eq. (17) have real parts for h € (0, (as?+2ds(s /(2d+\/(s —

If h € ((as? + 2ds(s — d))/(2d+/(s — d)d), +00), then p — k; > 0. Hence TO =
p — k > 0. This implies that Eq. (17) has at least a root with positive real part.

And if h = (as® + 2ds(s — d))/(2d+/(s — d)d), then p — k = 0. Hence we have

To=0, T,<0 VneN=1{1,2..}

TL4 n2
Dn:d1d21—4+(d1—d2)kl—2—|—r>r>0 Vn € Ny.
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Thus Eq. (17) has a pair of simple purely imaginary roots, and other roots have negative
real parts. Meanwhile, by dT(p)/(dp)|p=k = 1 > 0, the transversality condition holds.
Summarizing the discussion above, we have the following conclusions.

Lemma 2. Suppose that (H1) and (H2) are satisfied. Then the positive equilibrium
E(u*,v*), ofsystem (5) with T = 0 is asymptotically stable when h € (0, (as® —l— 2ds(s —
d))/(2d+/(s — ), and unstable when h € ((as*+2ds(s—d))/(2d+/(s — d)d), +0c0).
And h = (as® + 2ds(s —d))/(2d\/(s — d)d) is a Hopfbifurcation value ofsystem Q)
with T = 0 and the bifurcating periodic solutions are all spatially homogeneous.

Now we consider the effects of delay 7 on the stability of the equilibrium E(u*,v*)
of system (5). We confine h € (0, (as®+2ds(s—d))/(2d\/(s — ), thatis, E(u*, v*)
is stable when 7 = 0. It is well known that iw (w > 0) is a root of Eq (15) if and only if
w satisfies the following equation for some n € Ny:

2

7w2+ <(d1+d2)7;2

4 2

. n dom
p>lu}+d1d2l4 32

2

pe T <kwi+dll2k+r> =0. (18)

Separating the real and imaginary parts of Eq. (18) leads to

ni n2 n2
_w2+d1d2l—4—d2p B <d1 z —|—7"> cos wT + kwsinwt = 0,

5 5 (19)
n n
((d1 + dg)l—2 — p)w + kwcoswT — (dlkl2 + r) sinwt = 0,
which implies that
Ww-Puw?+Q,=0 n=01,2,..., (20)
where
P, (d2+d2) —|—2d1p —|—k2—p ,
4 n2
an D, <d1d214 — (d2p+ dlk)f — T’>
By Qo = —7? < 0 and D,, > 0, there exists ng € {1,2, ...} such that
Q. <0, ne{0,1,2,...,n9—1}, and @, >0, ne{ng,no+1,...}

If p € (—o0, —k], then P, < k% — p? < Oforalln € Ny.
If p € (—k, k), we assume further,

(H3) —(d? + d3)(nd/1*) + 2d1p(n3/1?) + k* — p? < 0.
By (H3), it follows that

P, (d2+d2)f—|—2d1p —|—k2 p2<0 Vn>n
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Thus Eq. (15) with n > ng have no purely imaginary roots.
And Q,, < Oforalln € {0,1,2,...,n9 — 1}. Thus Eq. (20) has only a positive root

\/i n4 n2 2 2

where P, = —(d3 + d3)(n*/1*) + 2d1p(n?/1?) + k? — p?
In addition, by Eq. (19), we have

2

o B dido ™ + dop™ ) + ((di + d2) % — p)(diks + 7)o , ™)
" k202 + (dlleg + )2 0
oy _ (@it dap )ik 1) — (dy + da)e — p)ke? Bt
i k202 + (dik +1)? 0
Define
i(arccos E(w?) +2jm) if F(w?) >0,
T.yl/ p—
! %1(27r—arccosE(wi)+2j7r) if F(w?) < 0.
Obviously, 7 = min¢ NO{TJT‘}.
Denote
T = min {7'0 I3 1)

Let A(7) = a(7) + iB(7) be the roots of Eq. (15) near 7 = 77, n € {0,1,2,...,
ng — 1}, satisfying a(7]') = 0, 8(1}') = wh,j =0,1,2,....

Lemma 3. The transversality condition holds, i.e. Re(dA/d7|;—7n) > 0.

Proof. Differentiating the two sides of Eq. (15) with respect to 7, we obtain

(d)\)l @A+ (ditd)E —pe kT
dr AKX + diks + ) A
By (19), we have

dX
Re <d7‘

>1
TJ”

. (2w + (dy +d2)% —p)ei“’i"f +k_7]ﬂ(]gwii+dlk%2 +7)
iw? (kw?i + dﬂc’}—; +7r)

~((dy + d2) % — p)(kw cosw? TP — (dik +r)sinwpTr)
(k2(w?)2 + (di k% +7)2)w?
2w (hw! sinw} 7l + (dlk%j +7)coswiTl) — kWl
(B2(w)? + (di k% + r))w?
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((di + do) ™ — p)2w™ + 207 (wh)? — dido™s + dop™) — k2w!
(R2(w})? + (kT + 7))

VA
= S >0,
R2(W0)? 1 (dhE 1 )2
where A = P? — 4[(dyda(n*/1*) — dap(n?/12))? — (d1k(n?/12) + r)2]. O

These points 7,7 =0,12...,n=0,1,2,...,n9 — 1, are potential Hopf bifurca-
tion values. But it is possible that 7;"* = T;LQ for some 4, j, n1, n2. In this case, +iw]" are
not a pair of simple eigenvalues of Eq. (15) and the dimension of center manifold at the
equilibrium can be at least as high as two, and we shall not consider Hopf bifurcations at
such points.

Assume 7" # 7/ for all i,j € {0,1,2,...}, n;,n2 € {0,1,2,...,m9 — 1}.
Applying the theorem proved by Ruan and Wei [24], and combining Lemmas 2 and 3,
we arrive at the following stability results.

Theorem 5. Suppose the conditions (H1) and (H2) hold for p € (—oo, —k] and (H1)-
(H3) hold for p € (—k,k). And T is given by (21). Then the following results are true

when h € (0, (as? + 2ds(s — d))/(2d+/(s — d)d)):
(i) The positive equilibrium E(u*,v*) of system (5) is asymptotically stable for T €
[0, 7) and unstable for T € (7, +00).

i 7 =77 =01L2...,n=0,12...,n — 1 are Hopf bifurcation values
of system (5). Furthermore, if n = 0, these bifurcating periodic solutions are all
spatially homogeneous, otherwise, these bifurcating periodic solutions are all spa-

tially inhomogeneous.

Remark. The characteristic equations (15) have two pairs of purely imaginary roots and

the transversality condition holds for 7 = Tikl = TJ]-CQ for some i,j € Ny, ki,ky €

{0,1,2,...,n9 — 1}. Thus a double-Hopf bifurcation occurs at E(u*,v*) when 7 =
k

-

1 2
G =T

3 Direction and stability of the Hopf bifurcations

In this section, we consider the stability, the direction and the period of bifurcating
periodic solutions by using the normal formal theory and the center manifold theorem
of partial functional differential equation presented in [25, 26] and [27]. Without loss
of generality, denote any one of the these critical values Tj”, j e {0,1,2,...}, n €
{0,1,2,...,n9— 1}, by 7* at which Eq. (15) has a pair of simply purely imaginary roots
+iw?, denoted by +tiw.

LetT = 7" +a,a € R, (- t) = u(-,7t), 0(-,t) = v(-, 7t), U(t) = (a(-, 1), 5(-, 1)),
and drop the tildes for simplicity. Then system (14) can be written as

dU (t)

— = TDAU®) + L(@)(Uh) + [(Ur, ), (22)
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in the space ¥ = C([—1, 0], X), where, for ¢ = (¢1, p2) € E,

(%2 /(s — d)d — (2d— 5)¢2(0 ))
V(s - d)d¢1 — d)p2(-1)

St i.%.f;-”(o, o>¢§<o>¢;’(o>

Zz+J+l>2 i lllf”l (070’0)¢§(_1)¢g(0)¢l2(_1)

L(a)(¢) = (7" + a) (
(23)
f(¢,0) = (7" + )

Note that « = 7 — 7%, then o = 0 is a Hopf bifurcation value of (22).
By the Riesz representation theorem, there exists a 2 X 2 matrix function 7(6, )
(=1 < 0 < 0) such that

0
D™ 6(0) + L) (@) = / dn(0, )6 (0)

for ¢ € C([—1,0], R?). In fact, we can choose

_ n; 2dh _@ 92—
(T*m)( di % + So(s dyd — 56(1%8)) )0
—dy
77(9,04) = 07 96 (_170)7
0 0
4 , 0=—1.
(7" +e) (— =t [ls—d)d Qj(s—d)>

For ¢ € C*([-1,0], R?), v € C([0,1], R?), define A; and A% as

de(9) B
A (6(0) = T 0 € [-1,0),
fi)l dﬂ(9> O)¢(9), 0= 07

v (s) s e (0,1],

AI(¢(S))={_ =

0, dn(0,0)5(—0), s =0.

Then A7 is the formal adjoint of A; [27,28] under the bilinear pairing

0
0 0
21
It can be verified that ¢(f) = (1,&)Te™? 9 ¢ [ ,0] is an eigenvector of A; cor-
responding to iwr*, and ¢*(s) = r(1,7)e“™ %, s € [0,1], is an eigenvector of A%
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corresponding to —iw7*, where

&=

s2 din? B @
dh(s—2d) \ I? 52

seiwr” din?  2dh )
n= < 1l2 —2\/(s—d)d+a—1w>,

2(s —d)+/(s—d)d s

7= {1 +£77+T*(2(85d)\/m %(S d)é)ﬁei‘”*}l-

(s—d)d—l—a—i—iw),

Then P = span{q(6),q(f)} and P* = span{q*(s),q*(s)} are the center subspace of
system, see [25].
In addition, f, £ (B,B2), where B} = (7). B2 = (, Ju:). Letc: f, =

nrrn cos BT
c1BL + ea82 for ¢ = (c1, )T € C([-1,0], X).
Let (-, -) be the complex-valued L? inner product on Hilbert space X¢, defined as

I I

1 1
<U17 U2> = — /ulﬁl de + — /UQUE dx 25)
I I
0 0

for Uy = (u,u2)T, Uz = (vi,v2)T € Xe. And (B, B8) = 1, (BL,BL) = 1/2,
n=12,...,

(& ) = ((6,81),(6,82)) ", where ¢ € C([~1,0], X). (26)

Then the center subspace of linear equation of (22) with @ = 0 is given by Pony %, where

PCN%(qb) = Qs(qjv <¢a fn>) : f'm PCN% = {(Q(G)Z + 6(9)2) ' f’m KAS C} (27)

Following the algorithms in Hassard [27], the solutions of (22) at & = 0 are as follows:

U = (a(0)2(t) + a(0)2(1)) - fu + W (2(2), 2(2), 0), (28)
where
Wiz, 2) £ W (2(t), 2(1),0) = W20(0)§ + Wi (0)2z + Woz@)? +o (29

Moreover, at 7 = 7%, 2 = iwT*z + ¢(z, Z), where

2 z2 22z

_ z
9(z,2) = *(0)<f(UtaO)7fn> = 920? + 91122 + 902? +9217 + e (30)

Notice that fom cos?®(nz/l)dz = 0, 1/(Ix) folﬂ cos*(nz/l)dz = 3/8,n =1,2,...,and
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combine ¢*(0) = 7(1,7) and (23), (25), (26), (28) and (30), we have

0, n=1,2,...,
920= \ TS S0 €2 4 20 U+ Son€e
2 —iwTr™ —2iwt™*
+f0 52 + 2(f110§ + f(§1%§2) + 2f101§e et} n=0,

0 n=12,...,
(1 1 _ 9 2 9
=97 r{fzo + 2 167 + 21 >Reg + LS50+ (f5m + FSp)IEl?
iwT™ 2
+2f110 Re(&e )+2f101 Re§+2féli\§|2cosw7 1}, n=0,
go2 = 920,
921 i
T ¢ = nw
0
I

e >(Wfi>< 3 W0 >) 18 (D 0+ 56 ) o o
0
lm
w2 [0 (W + w0+ gar) 0+ av o)) cost 5 as
0
[(f300 +fég%£2€)e—iw7* +f030§ §+f1 (2‘§|2 —iwT™ +§2 iwT )
+ [0 (2168 +€7) + fn€E(2+e7HT) + [i18%E (27 + )

+ 52 (26 + e 4 112 (26 + £

I

O QIR (14 o) 4 26?)] / cos " da

0

- 1. . 1
w2 [ (e WD 0+ g W) + 56w (1) )eost 2

[ ¢ —iwr™ nx
G (5 R van cn)+ee Wf?(—l))]cosﬁdx

[ I 1. -
2((2)2, (el‘” Wl(%)(—l) + iel‘” Wé?(—l))]cosQ Ly

0
7\'
0
I _ )
; o nx
+ 2/ éﬂ (fof)(*l) + if(WQ(S)(fl) + e WQ(S)(O)))} cos? - dz
)L
I
/ z
0
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/ [FEREWLY (=) + £Ge ™ WP (— )+ fifhge ™™ WD (0)] cos” - da
0

lm

v [t WPy + ge W ))]”fdx}
0

n =0,1,2,.... Since Wyy(0) and W11 () are in go1, we need to compute them. By
Wu [25], W(z, z) satisfies '
W =AyW + H(z, z), (31)

where
=2

2
AuW = AuWao(6) 5 + AuWir (6)27 + AuWoa(6) 5 + -+

a z2 32
H(Z’Z):H20?+H1132+H02?+"' ( )

= Xof(Ut,0) = ®(¥, (X0 f(Ut,0), fn)) - fn-
Thus, from (31), (32), we can obtain that
W20 = (21&)7'* — AU)ilHQQ, W11 = 7A51H11. (33)
From (32) we know that for —1 < 0 < 0,

nx 22

H(z,z) = —(q(0)g20 + q(0)go0z) cos T2 (q(0)g11 + @(0)gi1) cos ?22 o

Therefore, for —1 < 0 < 0,
" 0, n=1,2,...,

Hy(0) = {—ggoq(é’)—gozq(e), Hi(0) = {_9116](9)—911(](9), -
and H(z,2)(0) = f(Uy;,0) — &, (f(U,0), f)) - fn.
Hy0(0)

L+ e 2
™|« ééé Join€)e B 4 fipe?

+2(f 3¢ + B e2)eiwr" 4 2fQ) e2iwr

= _gZOQ(O) - QEQ(O% n = 0,
1 1
e e
* —2iwT” 2 nx _
T (fégé + f(%%@) 2™ féﬁg@ cos? B =1,2,...,

+2(f1 o€ + f011§2) T 2f10)fe_2“”
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H11(0)
S+ 18 1€1? + 201 Reg
* 2 2 iwr™*
T 2(02)"‘( 020+fo )\§|2+2f1(1%Re(§e )
+2f1 Re §+2féﬂ|§|2008w7*
= —9114(0) — 711¢(0), n =0,
S0+ 15516 + 21 Re¢
* iwr™* 2 nx —
T 2((:;2)"‘( 020+f0 )\§|2+2f1(f%Re(§e ) [cos” T, n=1,2,....
+2f101R e+ 2f 011|£|2005w7

By the definition of Ay and ¢(0) = q(O)ei“T*e, —1 <6 <0, we have

i igo2 —— o
Wao(6) = <:]72_0 q(6) + gOQ*q(G)) - +E1e21‘” 97

” , ?W(e (34)
Wit (6) = <—1gij:i( )+ wT)gn) fot By

By Ay again and combining (33) and (34), it follows that

b I3 € + 2117
= - IUJT 2 n
By = By | (fioh + fioh€)e 2 4 f3)€2 cos
+2(f{T0E + fiT€R)eT T + 2 (7 cem Rl
where

o (P b’ 2dh (s~ d)d +a 2(2d — s)
d)e—2iw7'*

1=
_2(ss—d) (S — d)de—Qnm— 2w + dngbz + %(8 _

-1

Similar to the above, we can obtain that

Jao) + 152 161 + 2f{7 Re¢
_ 2 2 2 - 2 T
Ey =y | f3) + <52%+f002>\s|2+2f£13 Re(gel™") | cos® =,
+2f101 Re& + 2fo11|f|2 cos wt™*

where

. d1n — 2 s —d)d+a d(2d — s) -
2:
LD Ss—dd G+ (s —d)

So far, go1 can be expressed by the parameters of system (5). Thus, we can compute the
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following quantities:

C1 (0)

1 1
(920911 —2|g11]* - 3|902|2> + 59215

2wT*
__ Re(a(0))

T T Re(V (7))
L (T (e1(0)) + o T (N (7).

wT*

B2 = 2Re(c1(0)),

15

Combining Lemma3, we have the following results.

Theorem 6. (i) us determines the direction of the Hopf bifurcation: if 5 > 0 (< 0), the
direction of the Hopf bifurcation is forward (backward), that is, the bifurcating periodic
solutions exist for T > 7 (T < T%);

(ii) B2 determines the stability of the bifurcating periodic solutions on the center
manifold: if By < 0 (> 0), the bifurcating periodic solutions are orbitally asymptotically
stable (unstable);

(iii) T determines the period of the bifurcating periodic solutions: the period in-
creases (decreases), if To > 0 (< 0).

4 Numerical simulations

In this section, some numerical simulations for a special case of system (5) are given to
support our analytical results obtained in Sections 2 and 3. As an example, we consider
system (5) withd; = 1,ds = 0.5,a =0.5,s =0.4,d = 0.3, h = 0.8, = 2, that is,

Ou(x,t) 0.8u?(z, t)v(x,t)
5 = Au(z,t) + 0.5u(z, t) (1 — u(w,t) — (@ t) + (1)
z € (0,2m), t >0,
ov(x,t) B 0.4u?(x,t — 7)v(a,t)
ek 0.5Av(x,t) — 0.3v(x, t) + P t—1) + 2@t 1) (35)

z € (0,2m), t >0,
ug(0,1) = up(2m,t) = v5(0,¢) = v, (2m,¢) =0, ¢>0,
u(z,t) =0.34+0.3cosz, v(z,t)=0.2—-0.2cosz,
(z,t) € [0,27] x [—T,0].

Obviously, s > d and h < min(as/\/(s — d)d, (as?® + 2ds(s — d))/(2d+/(s — d)d)).
Then system (35) has a unique positive constant equilibrium £(0.3072,0.1774). In ad-
dition, p = 0.0196 € (—k,k) = (—0.15,0.15). And by the formulas as derived in
Section 3, we can obtain that 7 = min,eo1,. a1 {70} = 70 = 4.1405, C1(0) =~
—17.0709 — 9.1476i. By Theorem 5, we obtain that the positive equilibrium
E(0.3072,0.1774) is asymptotically stable for 7 € [0,4.1405) as illustrated in Fig. 1.
When 7 crosses through the critical value 4.1405, the equilibrium £(0.3072,0.1774)
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Fig. 1. The positive equilibrium £(0.3072,0.1774) is asymptotically stable, where 7 = 3.8 < 7 = 4.1405.
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Fig. 2. The periodic solutions bifurcating from the equilibrium are stable, where 7 = 5 > 7 = 4.1405.

loses its stability and a family of homogeneous periodic solutions bifurcate from the
positive constant steady state. The direction of Hopf bifurcations is forward and the
periodic solutions are stable since o = —Re(C1(0))/Re(N (7)) =~ 657.967 > 0,
B2 = 2Re(C1(0)) ~ —34.1419 < 0, which are depicted in Fig. 2. And the period
increases with the increase of delay since 75 ~ 14.6813 > 0.

5 Conclusion

The dynamics of the diffusive Holling-III ratio-dependent predator-prey system with de-
lay effect are investigated under the Neumann boundary conditions. The global stability
and instability of the boundary equilibrium are obtained by the maximum principle and
comparison principle of the parabolic equations. It shows that, the diffusion and delay
have no effects on the stability of the boundary equilibrium and have effect on the positive
coexistence. In particular, the system without delay is dissipative and uniformly persistent.
We hope that our work could be instructive to study the population.
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