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ABSTRACT. A diffusive predator-prey system with a delay and surplus killing
effect subject to Neumann boundary conditions is considered. When the de-
lay is zero, the prior estimate of positive solutions and global stability of the
constant positive steady state are obtained in details. When the delay is not
zero, the stability of the positive equilibrium and existence of Hopf bifurcation
are established by analyzing the distribution of eigenvalues. Furthermore, an
algorithm for determining the direction of Hopf bifurcation and stability of bi-
furcating periodic solutions is derived by using the theory of normal form and
center manifold. Finally, some numerical simulations are presented to illustrate

the analytical results obtained.

1. Introduction. In ecological systems, the interactions between different species
can generate rich phenomena. Many models are derived to illustrate the predator-
prey system from the view of both mathematics and biology [2, 22, 28, 32]. Mean-
while, it is well known that the spatial structure may further affect the population
dynamics of the species [7, 8, 15]. The spatially homogeneous reaction-diffusion
predator-prey model with classical Lotka-Volterra interaction and no flux boundary
conditions has been studied by many scholars, and the unique positive steady state
solution is globally asymptotically stable in that case [21]. Our work is based on the
important contribution of Yi, Wei and Shi [35] in the bifurcation analysis from the
constant coexistence equilibrium solution of the following Rosenzweig-MacArthur
model with Holling type-1I functional response [14, 27]:

U — d1AU =nrU 1—E —LUV reQ, t>0
K v+ U’ ’ ’
moUV

W—@AUz—wV+;:ﬁ3 reQ, t>0,

o,U =0,V =0, xed, t>0.

U(z,0) = Up(z) >0, V(z,0) = Vo(z) >0, z€.
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Here U = U(x,t), V = V(x,t) stand for the densities of the prey and predator at
time ¢ > 0, and a spatial position x € Q, respectively; € is a bounded domain in
R™ with a smooth boundary 02; v is the outward unit normal vector on 02, and
no flux boundary condition is imposed, so the system is a closed one. dy,ds > 0
are the diffusion coefficients of the species, and r1, ro, my, msy, K are positive real
constants; the prey population follows a logistic growth, r; is the intrinsic growth
rate of U, and K is the carrying capacity; ro is the mortality rate of the predator
in the absence of prey; m; is the search efficiency of V for U and mso represent
the conversion rate of prey to predator; the function WLK denotes the functional
response of the predator to the prey density changes. The parameter (> 0) is the
half saturation constant which measures the “saturation” effect: the consumption
of prey by a unit number of predators cannot continue to grow linearly with the
number of prey available but must saturate at the value % [12, 14]. After Yi et al.,
the method of Hopf bifurcation analysis has been extensively applied in reaction-
diffusion equation, see [3, 36].

It is worth noting that the functional responses in two species are the same in
the model (BP) since the principle of energy conversion, and the only difference is
that the coefficients are different. In fact, it is not always true in real ecological en-
vironment: energy can be converted or wasted. Motivated by this idea, we consider
an interesting but serious interaction between the prey and predator from the view
of wastage of energy. Biologists call this interaction “surplus killing”[20, 31]. It is
a common behavior exhibited by predators, in which they kill more prey than they
can immediately eat and then cache or abandon the remainder [19].

The term was invented by Dutch biologist Hans Kruuk [16] after studying spot-
ted hyenas in Africa and red foxes in England. Other than humans, surplus killing
has been observed among zooplankton, weasels, honey badgers, wolves, red foxes,
leopards, lions, spotted hyenas, spiders[1, 5, 9, 11, 17, 19, 20, 31]. The emergence
of these phenomena refers to the fact that animals may only partially consume or
abandon intact prey they have captured. There are many documented examples of
predators exhibiting surplus killing. For example, Samu and Biré [30] have found
that the wandering spider, Pardosa hortensis (Lycosidae), exhibited significant lev-
els of both partial feeding and prey abandonment at high rates of encounter with
prey. In Canada’s Northwest Territories, the researchers once found the bodies of
34 neonatal caribou calves that had been killed by wolves and scattered-some half-
eaten and some completely untouched-over 3 square kilometres. In surplus killing,
predators eat only the most-preferred animals and animal parts. Bears engaging in
surplus killing of salmon are likelier to eat unspawned fish because of their higher
muscle quality, and high-energy parts such as brains and eggs [16]. Surplus killing
can deplete the overall food supply, waste predator energy and risk them being in-
jured. Nonetheless, researchers say animals surplus kill whenever they can, in order
to procure food for offspring and others, to gain valuable killing experience, and to
create the opportunity to eat the carcass later when they are hungry again.

Inspired by their work, in this article, we would like to study the following
predator-prey system with the predator exhibiting a “surplus killing” behaviour
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which can be demonstrated by different functional responses in the equations.

— a1AU 1 U(l 7) miuv, € ) t > )
_— 2 V=17 jﬂ} 1 'LL’ x ’ ) (] )
ov ov y L ) > U,

u(z,0) =up(z) > 0(£0), v(z,0) =wve(x) > 0(£0), x € Q.

Here 7y, ro is the intrinsic growth rate of u, v, respectively; K4, K5 is the correspond-
ing carrying capacity of u,v; m; is the predation rate, and msy is the consumption
rate with mo = am; where « is a positive constant; the Holling I type functional
response miu and the Holling II type functional response ;"jz show the “ surplus
killing” effect: the predators keep hunting whenever they find a potential targets,
but the conversion is limited since most of the prey they have captured are aban-
doned.

With a dimensionless change of variables:

- (. v ~ ~ dl ~ dg

u=—-,v= ,t:’l"lt, d1:77d2:77
vy Ky T1 T1

T o _ Y mi Ky _ mo

9 =— 7= , M1 = , Mo = 5
T1 K, T1 1

still denote @, 9, t, Jl, CTQ, 5, m1, me by u, v, t, di, da, 7, m1, meo, then we obtain

%fdlAu:u(lf’yu)fmluv, xeQ t>0,

ov mMouv

E_dQAU:9U<1_U)+1+u’ €N, t>0, @)
Ju Ju

5:5:0, xed, t>0.
u(z,0) = uo(x) > 0(£0), v(z,0) =vo(x) > 0(£0), =z

Considering that the biomass that predator consumed cannot convert into the new
production for an instant, we add time delay into the functional response of the
second equation of (2), and make it conform with natural situation:

0 t

% —diAu(z,t) = u(z, t)(1 — yu(z, t) — mu(z, t)v(z,t), € Q, t >0,
81}(1”,15) . TTQ’LL(LE,t—T)’U(SL‘,t)

5 doAv(z,t) = Ov(z,t)(1 —v(x,t)) + Ttu@i-1) xeQ, t>0,
Ju Ou

525 :O, :UE@Q, t>0,

u(z,t) = uo(z,t) > 0(#£ 0), v(x,t) = vo(x,t) > 0(Z0), z€Q, —7 <t<0.

(3)
Here, dy, da, 0, v, m1 and my are all positive constants, and given that the predators
in nature don’t usually just eat one species, mostly they have other choices. Based
on this, we turn the growth of v into a logistic form which means u is not the only
hunting target for the predators, they can still live even though the prey u became
extinct.
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Define the real-valued Sobolev space
X := {(u,v) € H*(0,I7) x H*(0,17)|uy = v, = 0,2 = 0,17},

with inner product (-, -).
For sake of discussion, we make the following assumption:

(H1) my < 1.

The system (3) always has three non-negative constant equilibrium solutions:
Ey(0,0), E1(0,1), E2(1/7,0), meanwhile, under the condition (H1), the system
also has a positive equilibrium F, (u, v.), where

U*HHWQWQ(W”}’

1
Ve = ml(l V).
with I' = 0y — 0 + 6mq + mims.

Our main contribution for this article is a detailed and rigorous analysis about
the global dynamics of the positive equilibrium of the diffusive predator-prey system
(2). Keeping other parameters constant, we use the predation rate m, as a variable,
and find that different values of mq result in distinct tendencies of the two species.
Because of the effect of “surplus killing”, the prey must raise their fertility rate or
reduce the chances of encountering a predator to avoid extinction. For system (3),
we shall be employing 7 as our bifurcation parameter in our stability analyses to
follow. When the spatial domain 2 is one-dimensional, and the parameters satisfy
~0 — % < 0, we show the existence of Hopf bifurcation. We derive an explicit

*
formula of the bifurcation point 7, ; where n,j are integers with n has an upper
bound. From the Proposition 2.3 of [4], we get that the smallest value of 7, ; is
To,0, Which indicates that the periodic solutions bifurcated from the constant steady
state solutions at 7 = 79,0 are homogeneous. We have also studied the direction
of Hopf bifurcation and stability of bifurcating periodic solution, one can see the
details in Section 4.

The rest of the paper is organized as follows. In Section 2, the existence and
priori bound of a positive solution for the reaction diffusion system are given, and
the global asymptotically stability of positive equilibrium is proved. In Section 3,
the stability of the positive constant steady state is considered, and the existence
of the related Hopf bifurcation at the critical points is investigated with delay as
the bifurcation parameter. In Section 4, by applying the normal form theory and
center manifold reduction of partial functional differential equations, some detailed
results of Hopf bifurcation are derived. Some numerical simulations are presented
in Section 5. Throughout the paper, we denote N as the set of positive integers.

2. Analysis of solution for model without delay.

2.1. Existence and priori bound of solution. In this section, we shall investi-
gate the existence of a positive solution for system (3) with delay 7 = 0, and give a
priori bound of the solution.

Clearly, the system (3) with 7 =0 is
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8u(aa;, 2 —diAu(x,t) = u(z, t)(1 — yu(z, t)) — mu(z, t)v(z,t), z€Q, t>0,
a”g”t’ D gy Ao, t) = vl (1 — v(. ) + W e, t>0,
%:%:07 x €, t>0,
u(z,0) = uo(z) 2 0(£ 0), v(z,0) = vo(z) = 0(£ 0), r€Q,

(4)

where ug(z) = ug(x,0), vo(x) = vo(x,0).

Theorem 2.1. Suppose that dy, do, 0, v, my1, mo are all positive, Q& C R" is a

bounded domain with smooth boundary. Then

(a) the system (4) has a unique solution (u(z,t), v(z,t)) satisfying
0 < u(z,t) <u*(t), 0 <wv(z,t) <v*(t), fort>0and x € 9,

where (u*(t), v*(t)) is the unique solution of

? =u(l—u)

v Mauv
== fu(1 —

dt fo(l —v) + 14+

and

ug = sup ugp(x), vg = sup vo(x);
zeQ z€Q

(b) for any solution (u(x,t), v(z,t)) of system (4),

1 m
limsupu(z,t) < —, limsupov(z,t) <1+ =2
t—00 Y t— o0 0

Proof. Define

mouv
1+u

flu,v) =u(l —yu) — muw, g(u,v) =0v(l —v)+

Obviously, for any (u,v) € RZ = {(u,v)|u >0, v > 0}, one can see that

mov >0
(T4u3?™

thus system (4) is a mixed quasi-monotone system(see[23]). Let

Df, = —mju <0, Dg, =

(u(z,t), v(z,t)) = (0, 0) and (a(z,t), v(z,t)) = (u*(t), v*(t)).

Substitute (u, v), (4, U) into system (4) gives
ou Ou

_ i— fi.v)=0>0= — — — 7
8t dlAu f(u,y) O = 0 8t dlAﬂ f(ﬂv ’U),
ov ov

- 5— (i) =0>0 = — — _

5 daAv — g(u,v) =0>0 5 deAv — g(u, v),

and
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Then (u(z,t),v(z,t)) = (0, 0) and (a(x,t), v(z,t)) = (u*(t), v*(t)) are the lower-
solution and upper-solution of system (4), respectively. From Theorem 5.3.3 in [34],
we know that system (4) has a unique solution (u(z,t),v(z,t)) which satisfies

0 <wu(z,t) <u*(t), 0 <w(z,t) <ov*(t), t >0.
Since ug(x) Z£ 0, vo(x) Z 0, from the strong maximum principe, we have u(x, t), v(z,

t) > 0 when ¢t > 0 for all z € Q. This completes the proof of part (a).
Let u!(t) be the unique solution of

du
_— = 1—
u(0) = wuo > 0.

One can see that u'(t) — 1/ as t — oo, then for any ¢ > 0, there exists a Ty > 0
such that
u(x,t) <1/y+e¢, fort > Ty and z € Q,
which implies that
limsupu(z,t) < 1/7.

t—o00

Let v'(t) be the unique solution of

dv ou(1
pri v(1 —v) + mav,
v(0) = wp.
mo
Then we have v!(t) — 1+ 5 & t — oco. From
Ov(l —v) + Tﬂw < Ov(1 —v) + mav,

it follows that v(z,t) < v*(t) < v'(t). Hence, for any & > 0, there exists a T} > 0
such that
ma

t)<1
v(z,t) <14 7

+¢ for t > T} and x € Q,
which implies that

. ma
limsupov(z,t) <1+ —.
t—o0 0

The proof is complete. O

2.2. Global stability of positive equilibrium. In this section, we shall give the
conditions to ensure that the positive constant equilibrium F., (u.,v.) is globally
asymptotically stable by utilizing the upper-lower solution method introduced by
Pao [24].

Theorem 2.2. Suppose that di, do, 0, v, m1 and mg are all positive, and (H1)

and
ma2

are satisfied. Then the positive equilibrium Ey(u.,vs) of (4) is globally asymptot-
ically stable, that is E.(u.,vs) is stable, and for any initial values ug(x) > 0( 2
0), vo(z) = 0( #0),

tlg& u(x,t) = s, tlggo v(z,t) = vy, forx e Q.
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Proof. In Section 2.1, we get that
u(x,t) <1/y+e, fort > Ty, x € Q.
From (H2), we can choose an € > 0 satisfying

mima (1 + veo)
miy+(1+my)eg+ <1 6
1+ 1)eo 6(1+ v+ veo) ©)
Let ¢, = 1/v + eg, without loss of generality, there exists a 77 > 0, such that
u(x,t) < 1/y+ g for any t > T7, and this in turn implies
ov MUV
— =dyAv + 6v(1 — < dyAv + 6v(1 —
g = deAvF vl —v)+ 7 s dpAv - Gu(l —v) + 1+é
for t > Ty. Hence there exists a T > Tj, such that v(z,t) < ¢ for any t > Ts,
where

m2511}

maCy

G =14 ————+ep.
2 01+c)  °
Again we have
ou
i di1Au + u(l — yu) — myuv > diAu + u(l — yu) — myucs,

for t > T5. Since my < 1 and ¢, satisfies (6), then
1 —mycy >0, and 1 — mqiég — g9 > 0.
Hence, there exists a T3 > Tb, such that u(x,t) > ¢; > 0 for any ¢ > T3, where

(4 :7(1—m152—50).
Py

Finally, using the similar method shown above, we have

ov MUV MaC v
— = dsA Ov(1 — > dyA fv(l — =
2Av + v( v)+1+u_ 2Av + Gu( v)+1+gl,

ot

for t > T3, and we can ensure the following inequalities hold since €y chosen as in

(6)7

1+ 250 1 and 14 24 >1
_— , an — ¢ )
0(1+c) 0(1+c)
Then there exists a Ty > T3 such that v(z,t) > ¢y > 0 for any ¢t > Ty, where
macy
o =14+—"""T"T_—¢q.
=2 0(1+¢) 0

Therefor for t > Ty, we obtain that
¢ <u(w,t) < e, ¢ <wv(a,t) < e

and ¢;, €1, ¢y, Co satisfy

_ _ maCy
1—~e1 —mycy, <0, 1_02+m§07
1—v¢ —mic2 >0, 1-@4-&2

0(1+¢)

Then (¢1, ¢2) and (¢, ¢,) are a pair of coupled upper and lower solutions of system
(4), and when ¢; < u < @, ¢y < v < &, from the boundedness of the partial
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derivative of f;(i = 1,2) with respect to u, v, we know that f; satisfies the Lipschitz
condition. Here we denote the Lipschitz constants by L;, ¢+ =1, 2.

To investigate the asymptotic behavior of the positive equilibrium, we define two
sequences of constant vectors (™), o(™)), (u(™, (™) from the recursion

1

alm = g(m=1) E[a(m—l)(l — »}/a(m—l)) — mla(m_l)y(m_l)],

um — ym-1) 4 Lil[@mfl)(l 1) — = gm 1]

pm) = glm=1) i[gg(m—l)(l — r[)(m—l)) + mo w] @
Ly 1+ gim=1 »

p(m) = ym=1) 4 L igym=1 (1 _ ymn=1 |y w]

v e . T4 ulm

where (a(?, 5(0) = (¢1,&), (@®, v®) = (¢,,¢,), L; is the Lipschitz constant,
i=1,2,and m=1,2,3,---.
Then for m > 1, we know that

(@(0)79(0)) < (u(m)’y(m)) < (@(mH)’y(mH))

< (@™, 5y < @™, 5y < @), o),

and
@™, o™y = (a,v), @™, ™) = (u,v), as m — co.

From the recursion (7), we can obtain that @, w, 7, v satisfy

moUV

(1l —~yu) — myayw =0, 05(1 — o) + 1+a:0’ )
_ mau v
w(l —yu) —muuv =0, fu(l —v) + Tt u =0

Simplify the equations, we get
V(U —u) =mi(0—v), ma(t—u)=0(1+u)1+u)(v—0v).

Then we obtain

v my(U — u)
Y S e ®)
If we assume that 4 # u, then we can get the following relation from Eq.(9)
Ov(1+u
1+u mims
From Eq.(8), we can also have
1 _ moll
= —(1- dl-—v+ 2= =0. 11
b= (=) and 1 -+ ()

Substituting the first equation of Eq.(11) and Eq.(10) into the second equation of
Eq.(11), it follows that

)

1 0y(1+u
1_(1_7ﬂ)+mz<1_w>
mq 0 mims

that is
1 mao 1
[ + . 12
my 0(1+7y) 14y (12)
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This is a contraction to the condition (H2). Hence @ = u, and consequently o =
v. Then from the Theorem 3.3 in [25] and Corollary 2.1 in [24], we can get the
asymptotic behavior of the positive solution.
Now we investigate the local stability of positive equilibrium F, (u,v.). Recall
that by writing the vector (u(z,t),v(x,t))T as
U(t) = (ult),v(t))".
Then the system (4) can be rewritten as
U(t) = DAU(t) + F(U), (13)
where
D = diag{d,,ds}, and F : X — R?
is defined by
u(t) (1 = yu(t)) — myu(t)o(t)

FO) = gy — o(ry) — m2utold)
Cltut)
We consider the linearization at Ey(u.,vs) for
U(t) = DAU(t) + L, (U), (14)
where
—YUs —M Uy
LE* = M2 Vx )
—  —fOu,
(1+u.)?
and its characteristic equation satisfies
A — DAE— Lg . £=0. (15)

It is well known that the eigenvalue problem

7Asp = [y, T € (0, lﬂ_), @m|z:0,l‘n’ = 07
has eigenvalues
Hn = n2/l27n eNg=NU {0}’

with corresponding eigenfunctions ¢, (z) = cos(nz/l),n € Ny. Let

( i > - i( Z: >COS(m?/l), an, by €C,

n=0
be an eigenfunction for (15). Then from a straightforward computation, we obtain
that the eigenvalues of (15) can be given by the following equations

2

det(A + Dl—2 Lg,) =0, n €Ny,

where [ is 2 x 2 unit matrix. That is
N —~T, A+ D, +B.=0, n€Ny. (16)

For all n € Ny we have
2

n
T, = —(d1 + dg) l2 (’}/’U,* + 91}*) < 0,

Dyt B.=(dis+ BT e, | 4 AR
TL+ * — 1 YU 2 + Vx (1+U*)2 > 0.
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Then all the roots of Eq.(16) have negative real parts. This implies that the pos-
itive equilibrium F, (u.,v.) of (4) is locally asymptotically stable when m; < 1.
Combining with the global attractivity proved before, we know that the constant
positive equilibrium FE, (u., v.) is globally asymptotically stable. O

The above result indicates that F, (u., v.) attracts all feasible solutions under the
condition (H1) and (H2). If (H2) doesn’t work but (H1) still holds, then E, (., v.)
is local asymptotically stable. However, if m; > 1, then E,(u.,v,) disappears while
E1(0,1) is global asymptotically stable. The critical curve can be drawn on the
(m1,~) plane (see Fig.1).

11

o o
© ©

Predation rate m,
=]
3

0.6

0.5

0 20 40 60 80 100
Half saturation constant y

FIGURE 1. The critical curve on (my,v) plane. I: E,(u.,vs) is
global asymptotically stable; II: E,(u.,v.) is local asymptotically
stable; IIL: F,(u.,vs) disappears while E;(0,1) is global asymp-
totically stable. The parameters are chosen as follows: a = 0.3,
Ky =0.2, 0 = 0.5 with my = am; /Ks.

Remark 1. According to the relationship between the original equation (1) and the
dimensionless equation (2), we can illustrate the effect of “surplus killing”. There
are two different functional responses in equation (1), in order to be consistent with
the assumptions, let the consumption rate mo be fixed. If the predation rate m;
is sufficiently small(keeping the other parameters constant), then (H1) and (H2)
can be satisfied, biologically, the two species can coexist and keep in a certain
density. But if m4 is not small enough such that (H2) holds, this coexistence will
be shaken, and only near the equilibrium point, they can maintain this balance.
As the parameters continue to change, (H1) is not satisfied, the balance will be
completely broken: the population of prey will collapse to zero, and then predator
population will grow into its carrying capacity. This’s reasonable, because the
predator population follows a logistic growth, they will never die out in this case,
but the prey doesn’t seem to be so fortunate: the predator exhibit a “surplus killing”
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behaviour, they will keep hunting whenever they can. So, the prey must enhance
its fertility rate or reduce the chance of encountering a predator to avoid extinction.

Remark 2. If m; > 1, the boundary equilibrium FE; (0, 1) is global asymptotically
stable for system (4). In fact, from the equation of predator in system Eq.(4), we

have
ov MUV
g—dQAv—&—Qv(l —v) + T+
It is well known that the positive solution of latter equation uniformly approach to
1 as t — oo under the same initial and boundary conditions. Since m; > 1, and
the unique solution (u(z,t),v(z,t)) satisfies the conclusions of Theorem 2.1, then
we can choose a sufficient small € > 0 and Ty > 0 such that 1 —yu—m3(1 —¢) <0

and v(z,t) > 1 — ¢ for any ¢ > Ty. Now, consider the equation of prey in system
Eq.(4),

ou

i diAu+ u(l — yv) = mpuv < daAu + u(l — yu — mq (1 —¢€)),
for t > Tp. Hence we have u(x,t) — 0 as ¢ — oo, and this result in turn implies
v(z,t) = 0 as t — oo.

> doAv + Ov(1 — v).

3. Stability of the positive equilibrium and Hopf bifurcation. In this sec-
tion, we shall study the stability of the positive constant steady state F, (u«,vs) and
the existence of Hopf bifurcation for (3) with 7 > 0 by analyzing the distribution of
the eigenvalues. Here, we restrict ourselves to the case of one dimensional spatial
domain Q = (0, Im), for which the structure of the eigenvalues is clear, and let the
phase space € := C([—,0], X).

The linearization of system (13) at E,(u+, v4) is given by

U(t) = DAU(t) + L.(U), (17)
where L, : € — X is defined by

Li(¢r) = L19(0) + Lap(—7),

and
0 0
L= A , Ly = Mo Vs ,
0 —0v, — 0
1+ )

$(t) = (¢1(t), ¢2(1)", ¢e(-) = (Gt +), d2(t+ )7

The corresponding characteristic equation satisfies
A — DAE — L(e*€) =0, (18)

where £ € dom(A)\{0}. Similar analysis to section 2, we can equivalently transform
(18) into the following equations.

?’l2
det <M + Doy~ L1~ L2e—”> =0, n € Np.

That is, each characteristic value A\ is a root of the equation
N —T,A\+ D, +B.e ™ =0, n €Ny, (19)

where
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n2
T, = _(dl + d2)172_'7'uz* — Ov,,

Aru)

Clearly, A = 0 is not the root of Eq.(19), from the result of Ruan and Wei [29],
as parameter 7 varies, the sum of the orders of the zeros of Eq.(19) in the open
right half plane can change only if a pair of conjugate complex roots appears on or
crosses the imaginary axis. Now we would like to seek critical values of 7 such that
there exists a pair of simple purely imaginary eigenvalues.

Let +iw(w > 0) be solutions of the (n 4+ 1)th equation (19). Then we have

—w? = Tyiw + D, + Boe 7 = 0.

Separating the real and imaginary parts, it follows that

{B* ({05 wT = w? — Dy, (20)
B, sinwr = —-T,w.
Then we have

w' - (2D, — T?)w? + D} - B? = 0. (21)
Denote z = w?. Then (21) can be rewritten in the following form

22— (2D, —T?)z + D? — B2 =0, (22)
where

4
n
2D, —T? = —(d} + d%)l—4 — 2(dyyus + dobv,) — (Y2u? + 6%0?) < 0.
Hence Eq.(22) has a unique positive root
2D,, — T? + \/(2D,, — T2)? — 4(D2 — B?)
= 5 ,

Zn

only if D,, and B, satisfy D2 — B2 < 0.
From the explicit formula of D,, and B,, we know that D, + B, > 0, for all
n € Ny. Since

n* n*
D, — B, = dldgl—4+ (d10v. + dg'yu*)l—4+ Dy — B, — 00, as n — 00,

where

D B. — ~0 oM 1 Uk Vg

0 = Dx = Y0ULVx — m7
and if

Dy — By = Uy VG—M <0,
1+ w)?

we find a constant n, € N such that for Vn € Ny
D, — B, <0, for 0 <n < n,.

and
D, — B, >0, for n > n,.

Here we denote the set
S={neNy| D, — B, <0}.



HOPF BIFURCATION IN A DIFFUSIVE PREDATOR-PREY SYSTEM 705

By Eq.(20), we have sinw,7 > 0, then

1 w?
Toj = — (arccos S 2j7r> L JENy, nES. (23)

Following the work of Cooke and Grassman[6], we have
Lemma 3.1. Suppose that (H1) and Dy — B, < 0 are satisfied. Then
sign o/ (1n,j) =1, for j €Ny, ne S,
where
a(T) = ReA(T).

Proof. Substituting \(7) into Eq.(19) and taking the derivative with respect to T,

we obtain that
dA

2\ — T, — TB.e )= — AB,e M = 0.
d
-

Thus

—1
dA _ 2\ — T, — TB,e
ar| AB.e— 7 :

By Eq.(20), we have

_ 2wy COS W Tn.i — Tn SIN W, Ty 5
R dA 1 _ n nin,j n nin,j
© (dr) T=Tn; B*wn
2w2 —2D,, +T?
- =
VT4 —AT2D,, +4B2
= B .
Since the sign of Re (%) is same as that of Re (%)71, the lemma follows immedi-
ately. O

From the Proposition 2.3 of [4], we have that
Tn,j < Tn,j+1, for allj € Ng,n € 8,

and

Tnj < Tny1,j, forall j € Ng,n € S.
Then 19 is the smallest 7, ;. Denote 799 as 7% so that the stability will change
when 7 crosses 7*. Summarizing the above analysis and indicated by Corollary 2.4
of Ruan and Wei [29], we have the following lemma.

Lemma 3.2. Assume that (H1) is satisfied.
(a) If either
T} —4T2D, +4B?% <0,
or
maimy
(1+u.)?
for all n € Ny, then all the roots of (19) have negative real parts for T > 0.

(b) If

T} —4AT?D,, +4B% >0 and 0 — >0,

0 2 <0
’y (1+u*)2 b)
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then for

T="Tn;, JENy, n€S,
the (n+ 1)th equation of (19) has a pair of simple pure imaginary roots +iw,, and
all other roots have non-zero real parts. Moreover, all the roots of FEq.(19) have
negative real parts for 7 € [0,7*), and for 7 > 7 , Eq.(19) has at least one pair of
conjugate complex roots with positive real parts.

From Lemmas 3.1 and 3.2, we have the following theorem.

Theorem 3.3. Assume that (H1) is satisfied.
(a) If
T} —4T2D, +4B? <0,
or
momy

1+ )2
for all m € Ny, then the equilibrium point E,(u.,v.) of system (3) is locally asymp-
totically stable for T > 0.

T —4AT2D,, +4B% >0 and 0 — >0,

(b) If

mamy

0— ——=<0
’y (1+u*)2< 9

then system (3) undergoes a Hopf bifurcation at the equilibrium Ei(u.,v.) when
T = Ty, for j € Ng, n € S. Furthermore, the positive equilibrium E,(u.,vs) of
system (3) is asymptotically stable for T € [0,7*), and unstable for v > 7*.

4. Direction of Hopf bifurcation and stability of bifurcating periodic so-
lution. In section 3, we obtained some conditions under which the system (3)
undergoes a Hopf bifurcation. In this section, we shall study the direction of Hopf
bifurcation near the positive equilibrium and stability of the bifurcating periodic
solutions. We are able to show more detailed information of Hopf bifurcation by
using the normal form theory and center manifold reduction due to [10, 13, 33].

Rescaling the time ¢ — t/7, and let @(z,t) = u(z,t) — us, 0(z,t) = v(x,t) — vy,
then we have

ot . . .

a:7'[c1l1Au—’yu>.<u—n”t1u*v—f1(ut7v1t)}> e, t>0,

ov ~ ~ Moy

5= Tldo AT — v, 0 + Tt u*)zut(_l) + folug,v)], z€Q, t>0, (24)

ou 0 oo 0 99 ¢ 0

7o =0, = =0, z €09, t>0,

i, £) = o, 1), 9, t) = To(a ), re-1<i<0,
where

w =u(z, t+0), v, =v(x,t+86), 0 €[-1,0],

Uo(x,t) = uo(x,t) — us, Oo(x,t) = vo(x,t) — Vs,
and for (¢1,¢2) € C := C([-1,0], X)

F1(01,02) = =761(0)* = m161(0)2(0), (25)
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Fa61,62) = ~002007 + ezt (“1)62(0) — gy a1 o
—(1:172*)3%(—1)2(152(0) + %qﬁl(—lﬁ +0O(4).

Let 7 = 7" + ¢, from the discussion in section 4, we know that when € = 0 system
(24) undergoes a Hopf bifurcation at the equilibrium (0,0). Then we can rewrite
system (24) in a abstract form in the space C as

U(t) = DAU(t) + L (Uy) + F(e,Uy), (27)
where
D=(r"+€Dand L.:C— X, F:C - X
are defined, respectively, by
Le(#(0)) = (7" + €)L16(0) + (7" + €) Lagp(—1),
F(67¢(9)) = (Fl(e, ¢(9))7 F2(6a QJ)(Q)))T’
with
(Fi(e,0(0)), Fa(e,0(0))) = (77 + €)(f1(01(0), 2(0)), f2(1(0), $2(0))),

where f; and fs are defined by (25) and (26) respectively.
The linearized equation at the origin (0,0) has the form

U(t) = DAU(t) + Lc(Uy). (28)

According to the theory of semigroup of linear operator [26], we have the solution
operator of (28) is a Cy-semigroup, and the infinitesimal generator A, is given by

_ {oe) o€ [-1,0),
o {5A¢(0) + Le(9), 6 =0, (29)
with
dom(A,) := {¢ € C: ¢ € C,$(0) € dom(A), $(0) = DAG(0) + Lc($)}.

When 7 = 0, we denote the infinitesimal generator as Aj.
Hence, equation (27) can be rewritten as the abstract ODE in C:

Uy = AU 4+ XoF(e,Uy), (30)
where
0, 0 €[-1,0),
Xo(0) =
o) {1, 0 =0.
We denote
cos(nz /1) T T
bnzia Bn: bn;O ’ Oabn )
Teos(u = {007 0007}
where

(NI

I
| cos(nz/1)|| = </ cos%nx/l)dx)
0
For ¢ = (¢, ¢")T € C, denote

(bn = <¢7 ﬁn> = <<¢(1)7bn>7 <¢(2)7bn>>T-
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Define A, as

| n(0)by, 6 € [-1,0),
Acn($n(0n) = {f% 06O O=0, (31

and

Len(dn) = (7" + €)L164(0) + (77 + €) Lagn (1),

0 2
[ 10(6.006,(6) = ~5D0n0) + Len(60),
where
—(7* + €) Lo, 0=-1,
(e, 0) = 0, 0 e (-1,0),

2

n° ~
(r + )L~ D, 0=0.

Denote A* as the adjoint operator of Ay on C* := C(][0, 1], X).
—{(s), s €(0,1],
A*Y(s) = ~
( ) { ano fi)l meL(Uﬁ)iﬁn(*@)bm s=0.

Following [10], we introduce the bilinear formal (-,-) on C* x C

o0

(1/17¢) = (Q/Jkad))c bkb‘dl’,
S
where - .
b= tubn €C*, = ¢ubn €C,
n=0 n=0
and

bn € C = C([=1,01, R?), ¢, € C* = C([0, 1], R?).
Notice that

brb;dx = 0 for k # j,
Q

we have
o0

(’(/)7 ¢) = Z('(/J’m ¢n)c|bn|27

n=0
where (-, ). is the bilinear form defined on C* x C

0 0
(s Sn)e = B (0)6on (0) — / P = 0ana(0.0)9ne

Let

q(0)by, = Q(O)emno‘r*ebnoa q"(8)bn, = q*(o)eiwnoT*sbno
be the eigenfunctions of 4y and A* corresponding to the eigenvalues iw,,7" and
—iwn, 7", respectively. By direct calculations, we chose

Q(O) = (17q1)Ta q*(0> = M(Q27 1)T7
so that (¢*,¢). = 1, where

Wy + d1nd /1% + yux iwn, — dand /1% — Ov,
q1 = — y 42 = ’
MU , MU
1+ us
M = 4+ u.)

(@1 + @2)(1 + us)? + 7*mov,e”@no™"
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Then we decompose the space C as follows
C=PaQ,
where
P = {zgb,, + Zqby, |z € C},
That is P is the 2-dimensional center subspace spanned by the basis vectors of the
linear operator A associated with purely imaginary eigenvalues tiw,, 7, and @ is

the complement space of P.
Thus, system (30) could be rewritten as

Uy = Z(t)Q(')bno + Z(t)q()bno + W(tv ')a

where
2(t) = (¢"bny, Ut), W(t,-) € Q, (32)
and
W (t,0) = Us(6) — 2Re{=(t)(8)bn, - (33)
Then we have
£(t) = iwoz(t) + T (0)(F(0,Uy), Bny), (34)

where

<F7 5n> = (<F1, bn>a <F27 bn>)T
It follows from Appendix A of [13](also see [18]), there exists a center manifold %
and we can write W in the following form on % nearby (0,0):

W(t,0) =W(z(t),z(t),0) = W20(9)§ + Wi1(0)2z + W02(0)§ +o (35)

For solution U; € %), we denote

F(Ov Ut) |<50: F(O,Z,Z),

and ) ) .
~ ~ oz ~ ~ 2 ~ 27z
F(07275)=F20?+F1125+F022 + o —— 5 + e

Therefore the system restricted to the center manifold is given by
2(t) = iwoz(t) + g(z, 2),
and denote
2 52 2

_ Z _ z°z
9(z,2) = 920? +g112Z + goo— + go1—— + -+ .

2 2
By direct calculation, we get

153
oo =T M/ b3 dx (=27 — 2miq1) — 2047
2maqy o~ iwno ™ _ 2mav, —’LQwﬂ,OT*:|
(1 + uy)? (1 + u,)? ’

1%
gu ="M [ b dz [qg (=2y —=mi(q1 +@1)) — 2014
0
mo . « ) “ 2Mov, }

Wi T = L —iWn T _
+ (1+u*)2(qle Tme +) (1+ uy)?
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I
902 :T*M/ biodx [672 (—2’7 — 2m1@1> - 20@%
0

2m2cjl . * 2m2v* i2 *
+ WnoT ViWny T :|7
(1+u.)? (1 +u.)?
I lm
go1 =7 M <Q1/0 biodr + Q2/0 biodz> ;
where
6mav, i T* 2my — 2w, T
Q1= A+uw)t U*)4€ mot — m(qu + qre T,

Q2 = @ {27 (W5 (0) +2W{7 ()] = mu [W5(0) + 2W{P(0) + W53 (0)

+20: W1 (0]} - 260 7 W5 (0) + 20,717 (0)]

ma _ o -
+ m [Q1W2((1))(_1) + WQ(S)(O)eWnD + 2(]1W1(11)(_1) + 2W1(f)(0)e o }
2mavx 1 W T 1 —Wn T
BTERRE [Wz(o)(*l)e "o +2‘/1/1(1)(*1)6 o } .

Since ga20, 911, go2 have no concern with W (z(t), z(t), ), then they can be calculated
by Eq.(34). In order to get go1, we need to compute Wao and Wy;. From (33), we
have

W = U, — 2qbn, — 2Gbn,

o AOW - ZRe{g(z, Z)q(e)}bnoa AS [7T7 O),
AoW — 2Re{g(z,2)q(0)}bn, + F, 6 =0,

= AW + H(z,%,0),

where
_ 22 _ z2
H(Z, Z,Q) = Hgo((g)? + H11(9>ZZ =+ H()g(e)? 4+
Obviously,
_ _QQOQ(Q)bng - gOQQ(G)bnov e [_Tv 0)7
Hao(0) = o ~
—9204(0)bry — G02G(0)by, + Fao, 0=0,
— 9 bn — g11q 9 bn 5 0 L )
Hu(6) = 911q(0)bn, ?11?( Jongs € [-r,0)
—09119(0)bny — §114(0)by, + F11, 0 =0,

Comparing the coefficients of (36) with the derived function of (35), we obtain

(A() - 2iw01) Wgo(@) = —Hgo(e), A() Wn(e) = —H11(0), RN (37)
From (29) and (37), for 6 € [—1,0), we have
920 1 Twn, 7560 gOQ 1 — W, T 0 2iwWn, 70
Woo(0) = ——— n bny — _ " b E n
20(0) Tomg T <q1> ero no Bitom 7" (fh) e 0 no + L1e” ot Y
g11 1 W T O g1 1 — W, T 0
H/ 0 = i bn — _ " bn E 5
11( ) iwnoT* <q1> e K 0 ’iUJnOT* <(I1) e 0 0 + 2

(38)
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where E7 and F; can be obtained by setting § = 0 in H, that is

. * iwt r* - -
(AO — 21&):{07' I)E162 o™ 0 |9=0 +F5 =0, AgEs ‘9:() +F11 =0.

The terms Fby and Fy; are elements in the space €, and

F20:Z<F2O;5n>bn7 Fll :Z<F1176n>bn
n=1 n=1

Denote

(o) o0
Ey =) Eb,, Ey=Y Efby,
n=0 n=0
then from (39) we have

(A — innor*I)Efbnezw"‘ﬂT*e lo=0= _<F20a B )bn

AoESby, |o=o= —(F11, Bn)bn,

n=0,1,---.

Thus, ET and E3 could be calculated by
0 -1
E? = <2iWno7'*I —/ 62iwn07—*0dnn(0,a)> <F2075n>a
-1
-1

By = - (/Oldﬁn(0a9)> (Fi1, Bn),

n = O7 17 cee
where A
=0, mo#0, n=0,
e
~ 7F20, no #0, n:2n0,
(F20, Bn) = 121} B _
\/ﬁQO) ’I’LQ—O,TL—O,
0, other,
\/%Fllv n0#07n= )
e
. ——F11, ng#0, n=2ng,
(F11, Bn) = leF B B
\/ﬁll» ’I’LQ—O,TL—O,
0, other,
R =27 = 2miq
Fy = 2maqy ) X 2mov, ) .
—20 2 —iWnn T —12Wnn T ’
q + (1 +u*)26 ’ (1 +u*)3e ’
X =2y —ma(q + q1)
Fy = _ ma e MoVs
_29 WnyT —WWnyT —
q14q1 + (1 n u*)g(qle 0 + q1€ 0 ) (1 I u*)g
Hence, g21 could be represented explicitly.
Denote
e1(0) = 5 (2011 —2lgul” ~ 5loool”) + 5
1 = g T 920911 g11 3 go2 29217
Re(c1(0))
= = 2R 0)),
MZ T*Re()\/(T*))7 /82 G(Cl( ))
1
T = - (Im(e1(0)) + p2(wne + 7 Im(N'(77))).

Wn T*

711

(40)
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Then by the general result of Hopf bifurcation theory (see [13]), we know that the
parameters in (40) determine the properties of Hopf bifurcation which we can de-
scribe specifically: So determines the stability of the bifurcating periodic solutions:
the bifurcating periodic solutions are orbitally asymptotically stable(unstable) if
B2 < 0(> 0); o determines the directions of the Hopf bifurcation: if pus > 0(< 0),
then the direction of the Hopf bifurcation is forward (backward), that is the bifurcat-
ing periodic solutions exist when 7 > 7*(< 7*); and T% determines the period of the
bifurcating periodic solutions: when T5 > 0(< 0), the period increases(decreases)
as the 7 varies away from 7.

From 3.1 in Section 4, we know that Re(\(7*)) > 0. Combining with above
discuss, we obtain the following theorem

Theorem 4.1. If Re(c1(0)) < 0(> 0), then the bifurcating periodic solutions exists
for T > (< 7*) and are orbitally asymptotically stable(unstable).

5. Simulations. In this section, we make some simulations to support and extend
our analytical results. Taking [ = 2, and choose

~=0.01, 8 =0.05, m; =0.20, mg = 0.30, d; =1, dy = 0.50.
Since m; = 0.2 < 1, the positive equilibrium exists, through numerical calculation,

we get F,(1.8663,4.9067). From a simple verification, we also obtain that D,,— B, <
0 only for n = 0. That is S = {0}, and

w2 0.2074, 7" &~ 4.6242.

Furthermore, we have ¢1(0) ~ —0.08872+0.02004, that is 8 < 0. From Theorem 3.3
and 4.1, the positive equilibrium F,(1.8663,4.9067) is locally asymptotically stable
when 7 € [0,7*) (see Fig.2), moreover, system (3) undergoes a Hopf bifurcation at
7 = 7%, the direction of the Hopf bifurcation is forward and bifurcating periodic
solutions are orbitally asymptotically stable for 7 > 7*(see Fig.3).

(x.)
©
VXt
=
&

x =
S 185 49 A
18] g 4.85.
175 o .
2000 : . 2000
1500 s 1500 D,
- 5 . "
e
e 2
ST
0

1000 Putte 1000

500 500
.

Time t 0 Distance x Timet 0 Distance x

F1GURE 2. The positive equilibrium is asymptotically stable when
T € 10,7*), where 7 = 2 < 7* & 4.6242.

If we choose
~v=0.01, § =0.05, my =2, my =0.30, dy =1, do =0.50, 7 = 1.
Here we chose my = 2 > 1, then we know that the boundary equilibrium FE;(0,1)
is global asymptotically stable (see Fig.4).

The initial conditions in all simulations are given by wg(x,t) = 1.7 4+ 0.1 cos 2z,
vo(z,t) = 4.9 — 0.1cos 2z, (z,t) € [0,27] x [—T,0].
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2
1

0 J . 35 T
e e W00 - E
1900 \x . o 4 1900 ~. . e 4

2000
=

1800 - T 2 1800 "‘\\x . =
1700 1700
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F1GURE 3. The bifurcating periodic solution is stable, where 7 =
5> 7" = 4.6242.

Time t 00 Distance x Time t o0

Distance x

FIGURE 4. The axial equilibrium FE;(0,1) is global asymptotically stable.

Remark 3. Fig.2 and Fig.3 come into being on the precondition of (H1), that
is to say, when the delay 7 is less than the critical value 7%, the population of
predator and prey will tend to a relatively stable state (see Fig.2); when the delay
7 is a little larger than the critical value 7*, the polulation presents a periodic
oscillation phenomenon near the equilibrium point(see Fig.3). If the precondition
of (H1) is not satisfied, from Remark 1 and Remark 2, we know that the boundary
equilibrium F (0, 1) is global asymptotically stable, the prey will go extinct at last,
but the predator will increase and reach its carrying capacity(see Fig.4).
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