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1 Introduction

Predation is a biological interaction where a predator kills and eats its prey. In ecosystem,
the interaction between predator and prey is the most basic and is also ubiquitous in hu-
man society. In recent decades, the dynamic behaviors of various predator—prey models
have been studied, such as the stability, Hopf bifurcation phenomenon, permanence, spa-
tial patterns, and so on, see [1-7] for example. However, in some situations, both species
rely on the same prey resources and also benefit from preying upon one another. This
interaction can be called intraguild predation [8—11]. The presence and intensity of in-
traguild predation are important to both management and conservation of species [12].
This ecological interaction is significant, and conservation and management measures
need to be taken into consideration. Therefore Holt and Polis [13] proposed the predator—
prey system with a common consuming resource as follows:

d. bs
d_jy :N(CP+SN —dP—h), (1)

L:l_lt) =P(cPﬁCsN +dN - g),

where N(¢), P(¢) are the densities of the prey and the predator, respectively. The parameters
b, ¢, and s represent the consumption of the predator and the prey species for common
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resources. Coefficient d measures the predation rate, g and / are the natural death rates
of the predator and the prey, respectively. All the parameters in system (1) are positive
constants. Based on this basic model, Fang and Wang [14] took into consideration the

mobility of population individuals and investigated the modified version of (1):

M =di AN +dp AP+ N(GE; —dP-h),  x€Q,t>0,

cP+sN
9 — dn AP +dpAN +P( +dN -g),  x€Q,t>0,
ONGt) _ 0P@L) _ 002 @
ut) _ 22w _ x €09,t>0,

N(x,0) = No(x) > 0, P(x,0) = Py(x) >0, xe€,

where A is the Laplace operator, the self-diffusion rates d;;, d2; and cross-diffusion rates
diz, dyy are all positive, v is the unit outer normal, and homogeneous Neumann bound-
ary condition means that the system is a closed one. For system (2), it is shown that self-
diffusion does not change the stability of the coexistence state, but cross-diffusion may
induce the instability.

The directed movement of predators has attracted much attention recently and has in-
spired a large number of studies about the prey-taxis effect, see [15-18]. Prey-taxis can
be classified as attractive or repulsive. In general, predators tend to move to habitats with
higher prey density. On the other hand, some prey species are capable of fighting back
against predators through communal defence, thus the predator species will move to the
districts with lower prey density. It is interesting and unknown how the prey-taxis affects
the spatiotemporal dynamical behaviors of reaction-diffusion systems.

Motivated by the foregoing work, we consider the following predator—prey system with

pray-taxis and intraguild predation over 1D bounded domain:

3N = d1 AN + N(25 —dP - h), x€(0,L),t>0,
82 = dy AP~V - (x(P)PVN) +P(CP% +dN -g), x€(0,L),t>0,
4 A ®)
ON(t) _ 9Pxt) _ 0 x=0.Lt>0
ax 890 ) ) 7 )
N(x’ 0) :No(x) > 0! P(xr 0) = PO(x) = 07 X € (O’L)y

where N (x, t) and P(x, t) denote the densities of the prey and the predator at location x and
time ¢, respectively. In system (3), all the coefficients are positive constants, d; and d, are
diffusion rates. V is the gradient operator, the function ¢(P) denotes the prey-tactic sen-
sitivity, L is the length of the habitat. The sensitivity coefficient x is an arbitrary constant.
The prey-taxis is attractive when x > 0 and repulsive when x < 0. In view of the volume
filling effect [19, 20], we adopt the sensitivity function as follows:

1-L£, o<p<pP,,
¢(P) = Pt m=m =
0

’ —_ L'm

where P, is the maximum number of prey that a unit volume can accommodate. If the
number of predator exceeds the threshold P, then the tendency of directed movement
vanishes. It should be mentioned that the systems with different forms of sensitivity func-

tions were considered in [21-23].
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Moreover, spatial-temporal distribution of species not only depends on the current state
but also is related to the previous state. It is necessary to take account of the combined ef-
fects of prey-taxis and time delay, so we further consider the following modified predator—
prey model with homogeneous Neumann boundary conditions and nonnegative initial
conditions:

I = dy AN + N(2- —dP - h),

9 =~ dy AP~V - (x$(P)PVN) + P( + dN(x,t — T) — @),

(4)

where (x,¢) € (0,L) x (0, +00), time delay 7 > 0 is the mature time of the predator. Though
some significant results on prey-taxis models have been obtained (see [24—29] for exam-
ple), there is no result about the predator—prey model with both time delay and prey-taxis
such as (4). Therefore, the main purpose of this paper is to explore the effects of prey-taxis
and time delay on stability.

The rest of the paper is organized as follows. In Sect. 2, the basic properties of solution of
system (3) are discussed. In Sect. 3, the local and global stability of constant equilibrium
solution of (3) is investigated. In Sect. 4, the existence of nonconstant steady states for
(3) is derived by bifurcation analysis. In Sect. 5, periodic solutions of (4) induced by time
delay are obtained by Hopf bifurcation theory. In Sect. 6, some numerical simulations
are conducted to support the theoretical analyses. Finally, some conclusions are given in
Sect. 7.

2 Basic properties of solutions
Here, we mainly discuss the basic properties of solutions of delay-free system (3) to make
preparations for the posterior study.

Lemma 1 ([14]) System (3) has the unique positive constant equilibrium solution E* =
(N*, P*) if and only if the following assumption

g bc h
H1l) = -,
(H1) d>gs—ch>d

* _ & _ _bc « _ _bs _h
holds, where N =3 gs_ch,P =g d

According to the results in [14], the equilibrium solution E* is always globally asymp-

totically stable when P > P,,.

Lemma 2 Ifd, = d,, then the following statements hold:
(i) System (3) has the unique solution (N(x,t), P(x,t)) € (0,L) x [0, ), where t,
depends on the initial conditions or ty = +00;
(i) N(x,£) >0, P(x,t) > 0 for all (x,t) € (0,L) x [0,%);
(ili) Any solution (N, P) is bounded, that is, there exists M > 0 such that
0 <N(x,t),P(x,t) <M.

Proof Using methods similar to those in [30], we can easily obtain the local existence,
uniqueness, and nonnegativity. Here we omit it.
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Next, we shall establish the global existence and uniform boundedness of solution.
When P > P,,, adding the first two equations of system (3), we can get

(N +P),—di AN +P)=b—hN — gP < b—-min{g, h}(N + P).
By the comparison theorem, we have

b
limsup(N + P) < =

— 2 M,
> 200 min{g, i}

When P < P, by the first equation of (3), we obtain

No—diaN=N(—2 _ap_n)<N(Z_n) =p-in,
cP +sN N

hence

£ M,.

AN

limsupN <
t—>+00

Denote M = max{Mi, M, P,,, M3, M,}, where
M3 = maxjg {Po(x)}, My = max[g {No(x)}.
The proof is complete. 0
From Lemma 2, we always assume that d; = d; in the next context.

3 Local and global stability of positive constant equilibrium solution

In consideration of the ecological background of system (3) and biodiversity, in this sec-

tion, we mainly investigate the local and global stability of constant equilibrium solution.
The linearized part of system (3) at E* can be denoted by

N A
glt) =D N +A N )
e AP P

where
o @4 o
—X¢*P* d2 ’
* _ P
¢ =1-— >0,
Py,
and
bs2N* bcsP* *
A= (ﬂn 6112) _ T (cP*+sN*)2 T (cPF4sN*)? —daN
- - * besP* __bePr
dn a4 dpP* — (cP*+sN*)% (cP*+sN*)?
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Since 2 = (0, L) is one dimensional and bounded, we have the corresponding character-
istic equation of the form

22— Tih+ Dy =0, (5)

where

k 2
Tk = —(d1 + dz)(%) +di; +adxp< 0,

kr\? kr\? A%
Dk=|:d1(7> —6111:||:d2(7) —ﬂzz]—ﬂu()(‘f’P (T) +flz1>

ke \* ke \ 2
=dyd, (Tn) — (ands + and; + apx¢*P*) (%) +d*P*N*.

Based on the linear stability theory, for any nonnegative integer &, the constant equilib-
rium solution is locally asymptotically stable if and only if all roots of the characteristic
equation have negative real parts. In other words, the equilibrium solution is unstable if
the characteristic equation has a positive real part for some nonnegative integer.

Note that we always have Ty < 0 for any nonnegative integer k, therefore E* is stable
when Dy > 0 and is unstable when Dy < 0. Moreover, since Ty # 0, equation (5) has no
purely imaginary root and Hopf bifurcation does not emerge at E* for system (3).

For convenience, we denote the discriminant by

A= (ﬂ11d2 + dgzdl + ﬂlzx(f)*P*)Z - 4-d2d1d2P*N*
Since ay1dy + axd; + ain x ¢*P* — 2d~/d1d, P*N* < 0, to guarantee A > 0, we only need
(lndz + ﬂzzdl + 6112X¢*P* + 2d\/ dldzP*N* <0.

Solving the above inequation, we have

6111d2 + ﬂzgdl +2d dldQP*N*

> Xe=-—
X > Xe P

Therefore, if x > x., then equation
d1d20'2 — (ﬂudz + dzzdl + ﬂ12X¢*P*)U + d2P*N* =0

has two distinct real roots:

—~(a11dy + axndy + anx¢*P*) — VA
2d1d,

o] =

and

_ —(ands + and + anx¢*P*) + VA
B 2d,d, '

02

Page 5 of 16
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Assume further that
. 2
(H2) there exists k € N* such that o; < (kT”) < 09,
then we can get the linear stability results on the constant equilibrium solution E*.

Theorem 1 If assumption (H2) is satisfied, then the equilibrium solution E* of system (3)
is locally asymptotically stable when x < x., and is unstable when x > x..

It is easy to see that the sensitivity coefficient of prey-taxis directly determines the linear
stability of E*. Theorem 1 also shows that system (3) may generate Turing pattern with
prey-taxis. In contrast with the results in [14], Turing instability is not only induced by
group defense of prey, but also by the attraction of prey, which mainly depends on the
parameter values.

In the following, we will discuss the global stability of E*.

2

ml
equilibrium solution E* of system (3) is globally asymptotically stable.

Theorem 2 If x < min{553,2d,} and the conditions in Lemmas 1-2 are satisfied, then the

Proof Let (N(x,t), P(x,t)) be a solution of system (3). Define the Lyapunov function

N * P ok
E(t)z// §-N dgdx+// =P .
v & et 1

By using the equality

ou
/Qg(u)V . (f(u)Vu) dx = /mg(u)f(u)a—v ds — /Qf(u)Vu - Vg(u)dx,

we have

—fﬂv.(xqs(P)PVN)dx:—/

ON
XO(P)P—ds + / x@(P)PVN - V1dx = 0.
Ele} v Q

By direct calculation, it follows that

_ Ca
a Jo N ot o

N - N* b
=/ AN+ N[ —>— _ap—h) | dx
o N cP +sN

P-P* bc
AP-V . P)PV P IN —
+/Q 2 [a} (x¢(P)PVN) + <cP+sN+d g)]dx

dE(t) N - N* 8Ndx+/ P—-pP*oP
Q

L F +Ey+Es,
where

. bs . bc
E :/ﬂ [(N—N )(CP+SN—dP—h> +(P-P )(CP+SN +dN—g>]dx

_ /b[cP+sN—(cP"‘+sN*)]2
" Jo  (cP+sN)(cP* +sN*)

=<0,
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N - N* P - P*
=/ dlANdx+/ dy APdx
e N e P

VN|? vP?
:—le*/l | dx a!P*/| | dx,
o N2 Q

P2

pP-p*
E?,:—/Q 5 V- (x¢(P)PVN) dx

=—/ <1—Ii>v-(x¢(p)PVN)dx
o P
:f P9 (x¢(P)PVN) dx

o P

pP* pP*
=/ — ¢(P)P—ds—/ x¢(P)PVN~V<F) dx

—x/¢> P oN - vpax.

Taking into account the form of sensitivity function and Lemma 2, we have

1, , |vP?
E2+E3§§)(P |[VN|* + dx
Q

P2

VN|? VPP
-(/le*l " 4 /dP*' ldx)
Q M? Q p?
P\ |VP|? dN*  xN*
:—/ ap - X2 |dx—/ ! —X |VN|? dx
o 2 ) P2 o M2

<o0.

It is obvious that 229 < 0 and the equality holds if and only if (N, P) = (N*, P*). It follows
from LaSalle’s invariance principle that the equilibrium solution E* is globally asymptoti-

cally stable under the theorem conditions. This completes the proof. d

According to Theorem 2, the stability of equilibrium solution can be maintained when
the sensitivity coefficient x of prey-taxis is appropriately small, and Turing pattern may

occur when this coefficient is sufficiently large.

4 Existence of nonconstant steady state solution
In this section, we investigate the existence of nonconstant steady states of (3) by abstract
bifurcation theory established in [31, 32]. More specifically, we shall study the nonconstant

positive solutions to the following steady-state system:

diN" + N(2- —dP—h) =0, x€(0,L),
(d2P' — xp(P)PN') + P(£e +dN - g) =0, x€(0,L), (6)
N'(x) = P'(x) =0, x=0,L,

where ' denotes the differentiation with respect to x. Here we regard sensitivity coefficient

x as the bifurcation parameter and rewrite (6) into the abstract form as follows:

.F(N,P,X)ZO, (N,P,X)EXXXXR,

Page 7 of 16
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where
17 bs P —
FINP, ) = diN +N(C1/J+SN LZ h) ’
(doP' — x$(P)PN') + P(p 5 +dN — g)

X ={weH*0,L)|w(0)=w(L) = 0}.

Then, any solution (N,P) € X x & of F =0 is a classical solution of (6) by means of the
standard elliptic regularity theory.

In the following, we shall verify the conditions of abstract bifurcation theory.

Firstly, the mapping F : & x & x R — ) x Y is continuously differentiable because of
the positivity of ¢cP + sN, where ) = £2(0,L) and F(N, P, x) = 0 for any x € R.

Secondly, for any fixed (N, P) € X' x X, the Fréchet derivative of F is given by

Dw,pF(N, P, x)(N, P)

_ le// + 2111N + 2112]) (7)
" \doP" — x(¢PN' + N'P + $pPN'P) + 1N + éisP )’
where ¢ = $(P), p = ¢p(P).
Denote u = (N, P)T and rewrite (7) into
Do.pF(N,P, x)(N,P) = Agu” + Fo(x,u, ), 8)

where

d 0
A= . )
-XOP dy
E &uN + lezp
0= A A A~ A A~ A ~ .
—XON'P' = x [(pN') + (¢pPN') |P + dy N + axP

It is not difficult to show that operator (8) is strictly elliptic since dy,d, > 0. Further-
more, the Agmon condition of Remark 2.5 with one dimension in [32] is satisfied. Hence
Dw,pF (N, P, x)(N, P) is a Fredholm operator with zero index due to Theorem 3.3 and Re-
mark 3.4 in [32].

Thirdly, we seek the potential bifurcation values by verifying the condition

N (Dw.pF(N, D2, 1)) # {0}, 9)

where N represents the null space. Denote (N , 13) = (N*, P*), then we have

diN" N P
D(N,P)]:(N*,P*, X)(N; P) _ , 1 . +*ﬂ1}/ + dio ,
dzP — X¢ P*N" + ﬂglN + ﬂggp

and the above null space is made up of the solutions of the following system:

diN" +N(cpissN —-dP-h)=0, x€(0,1),
dP" ~ x¢*P'N" + Py +dN ~g) =0, x€(0,L), (10)

N'(x) =P'(x) =0, x=0,L.
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To verify (9), we assume that (N(x), P(x)) is a solution of (10) and expand it into
N—iA Coskﬂ P—iB cos@
k=0 ‘ L , k=0 ‘ L ,

where Ay and By, are constants to be determined. Thus, (9) is equivalent as that there exists
at least a k € N such that (A, By) is nontrivial. Plugging the expansions into (10) leads to

—d. (kxy?
dl(ij)T ; o A _(9), kew. (11)
XO*P () +an —dr(F) +axn) \Bk 0

Since aj1dayy — aiads > 0, the case k = 0 can be excluded. And for k € N*, we can obtain

that (9) holds when x = yxx, where

_ [dl(kfﬂ)2 - 6111][“’2(’%)2 —an] - anan

(12)
611245*1)“(](7”)2

Xk

As a consequence, dim N(Dgy,p)E(N*, P, xx)) = 1 and N(D(,p)F(N*, P*, xx)) = span{(N,
Pi)}, where

— kmx
(kapk) = (lr Sk) cos T: (13)

and

d, (k= Z—a
Si = M, k e N*. (14)
a2

Basing on the analyses above, it can be sure that the local bifurcation can be found in
system (3) at (N*, P, xx) for each k € N*.

Theorem 3 Assume that condition (H1) holds and
4
2,2 T C o Nt
didyj°k (Z) Fanay —anan, k#jkjeN'.
Then, for each k € N*, there exists § > 0 such that nonconstant positive solutions (Ni(s, x),
Pi(s, %), xx(s)) of (3) bifurcate from (N*,P*, xx) when s € (-6,8). The solutions are smooth

functions of s such that

(Nk(s,x),Pk(s,x)) = (N*rP*) + S(ﬁk’ﬁk) + S(g(ij)’ Ck(S,?C)),

xk($) = Xk + sk1 + %2 + O(s%),

where k1 and K, are constants, (N, Py) is given by (13), (£ (s, x), ¢x(s, %)) € Z, and

L
Z= {(N,P) € X x X)f (NN + PP}) dx = 0}.
0
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Moreover, (Ni(s,x), Px(s, %), xk(s)) solves system (3) and all nonconstant solutions around
(N*, P*, xx) must stay on the curve

Ti(s) = { (Ni(s, %), Pi(s, ), xx(s)) s € (=8,8)}.

Proof To apply the Crandall-Rabinowitz local bifurcation theory in [31], we only need to
further verify the following transversality condition:

d . _
—D,p)F (N*, P*, x) N, Pr)

o ¢ R(Do,p)F (N*, P*, xx))s (15)

X=Xk

( : )
= — |-
X=Xk ~¢*P*Ni

Then we prove (15) by contradiction. Suppose that there exists a nontrivial expression,

where R denotes the range and

d .
ED(N,P)]:(N*, P*, x)(Nx, Pr)

which satisfies

dlﬁ,/ + 6l11N + ﬂlzi) _ 0
dzi)// - X¢*P*N// + ﬂ21N + 6l221~) - —¢*P*Nk” '

Substituting the expansions

N k L e k
N:ZAkcos%, = E Bwos?
k=0 k=0

into it, we have

—dl(kL—”)2+ﬂ11 ai Ag _ 0 (16)
X6 P (5 van -d(5) van) \Be) \¢P(4))

Note that the coefficient matrix of (16) is singular, the right-hand side must be zero. It
brings contradiction and (15) holds. Besides, based on the conditions of theorem, calcu-
lation may give rise to xx # x; for all k #j. Thus the proof is complete. O

5 The effect of time delay
The research in Sect. 2 indicates that prey-taxis does not cause Hopf bifurcation in delay-
free system (3). For better understanding the spatiotemporal dynamics of the predator—
prey system, we continue to consider the corresponding time-delay system (4) to seek the
effect of digestion delay and the existence of time-periodic solutions.

If condition (H1) holds, then system (4) still has the unique equilibrium solution E* =
(N*, P*). The characteristic equation of (4) at E* is

2
A+ di(B2) —an —a

2 5 _ 2
X P ) + e —dPr et A+ () —an

:0,

Page 10 of 16
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which is equivalent to

2 4
)»2 + |:(d1 + dg)(k%) —all —6{22:|)» + dﬂig(%)

km\?
— (an1dz + and; + a1 x¢*P*) <T>

aybesP*

+ m - ﬂlzdp*ei}ht + di1dy = 0. (17)

Obviously, equation (17) can be reduced to (5) with T = 0. When 7 > 0, we assume that

A =iw (w > 0) is the root of characteristic equation (17). We have

ki krm ayrbesP*

2 4
—o? +viw|(d +d)| — ) —an - didy| =) + ————
0] +la)[( 1+ 2)< I ) a1 a22j|+ 1 2( I ) + (cP*+sN*)2

2
T
+anay — (ands + and, + anx¢*P*) (T) —a12dP*(coswt —isinwt) =0.

Separating the real and imaginary parts leads to

k4 km\2 besP*
w* —ddy((F) " + (anndy + and, + anx¢*P*)(5F)" - % —anan

= —a,,dP* cos wt,
ol(dr +do) () - a1y — an) = apdP* sinort.
Squaring the both equations and adding them, we have

o + prw® + poy =0, (18)

where

km\?
Pik = |:(d1 + dz)(7> —ai — 6122]

km\* km\?
— 2|:d1d2<7> — (alle + d22d1 + 6112X(f)*P*) (T)

2

aabesP*

M ——
(cP* + sN*)

—[dd(k—ﬂ)4 (a dy + andi +a ¢*P*)(k—n>2+M+a a ]
P = | dz| 1142 + dxd) + azX I (P 1 sN*) 11422

+ﬂ11ﬂ22:|,

2
2 g2 px2

—aj,d P

In order to analyze conveniently, we only discuss the spatially homogeneous case k = 0.

In this situation equation (18) can be simplified to

(1)4 +p10a)2 +p20 = O, (19)

Page 11 0of 16
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where
9 9 2a1,bcsP*
Piro=4aq +dy — ’
(cP* + sN*)*
ayabesP*

2
)2] - at,d*P*?.

P20 = |:6111ﬂ22 + W

Actually, if ay; > 0, then pyo < 0 and equation (19) has the unique positive root wy. Thus
characteristic equation (18) has a unique pair of imaginary roots +iwy with
aiobesP* a1y — (,()2
(cP*+sN*)2 11622 0
ﬂlzdp*

1
Tj = — | 27 — arccos
o

+2jn}, j=0,1,2,....

Next, we prove the transversality condition. We rewrite the characteristic equation (17)
when k =0 and 7 > 0 as follows:

aiabesP*

% —AT _
m +diidyy + ﬂlzdP e =0. (20)

)\,2 - (6111 + azz))\, +

Differentiating both sides of (20), we have

di dx dx
ZAE — (a1 + agg)E —aydPre ™ (A + rd—> =0,

T
and
A ] [20—(an +an)let T
dr| Aa1rdP* A
thus
Re dhr - Re [2iwo — (a1 + ax)l(coswoT; + isinwoy)) 7
dr A=iw),T=Tj iwoﬂudp* iwg

2coswoT; (@11 + ax) sinwT;
dlzdp* Cl)o&ludp*

2a12dP* coswot;  (ayy + 6122)2
= +
(a12dP*)? (a12dP*)?

~ (an + 6122)2 - 2[60(2) - (:;1367;;;1)2]
(a12dP*)?
VP — 4P
 (apdP*)?

> 0.

So far we have verified all the conditions of Hopf bifurcation theorem for partial differ-
ential equations proposed in [33, 34]. So we have the results on the existence of Hopf
bifurcation solutions induced by time delay.
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Theorem 4 Assume that condition (H1) holds and a», > 0, we have:
(i) If T €10, 10), then the equilibrium solution E* of time-delay system (4) is locally
asymptotically stable.
(i) T = o is the Hopf bifurcation value and system (4) has spatially homogeneously
time-periodic solutions around E*.

6 Numerical simulations

In this section, we shall conduct some numerical simulations to describe the previous
theoretical analyses. For systems (3) and (4), we choose 2 = (0, 7) and take the following
system parameters:

dy =dy =0.01, b=12, c=0.1, d=0.25, s=0.2,

=001, g=07, DP,=3.

In this situation, both systems (3) and (4) have the unique constant equilibrium solution
E* =(1.93669, 1.68662).

For delay-free system (3), we can calculate the critical value x. = 5.65. Then equilibrium
solution E* is asymptotically stable when the chemotactic coefficient x is appropriately
small (see Fig. 1). On the other hand, E* is unstable when the coefficient y is slightly large
(see Fig. 2).

For time-delay system (4), we fix x = 4 and regard time delay 7 as the bifurcation param-
eter. Numerical simulations in Fig. 3 show that the stability of equilibrium solution can be

Prey N(x.t)
»
Predator P(x)

~

3 \\‘
2

o 20 1
> 10 , > 10
Distance x 0 o Time t Distance x (] Time t

1

Figure 1 The constant equilibrium solution E* of system (3) is stable when x =4

21 25

Prey N(x.t)
Predator P(x,’)

~

3 \\‘
2

~ — 40 1 o
S 20 > 20
Distance x 0 o Time t Distance x (] Time t

Figure 2 The constant equilibrium solution £* of system (3) is unstable when x = 6.8
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20
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Figure 3 The constant equilibrium solution £* of system (4) is stable when time delay T = 0.5

Prey N(x.t)
T S T
Predator P(x,:)

Distance x 0 .50 Time t

Distance x 0 .50 Time t

Figure 4 System (4) has spatially homogeneously periodic solution when time delay T = 2.5

maintained when time delay is small and the results in Fig. 4 illustrate that the equilibrium
solution is no longer stable when time delay is large.

7 Conclusions

This paper investigates a reaction-diffusion-taxis predator—prey system without and with
time delay. For the delay-free case, we first obtain the local and global stability of constant
positive equilibrium solution by analyzing the distribution of characteristic roots and con-
structing an appropriate Lyapunov function, respectively. The stability results manifest
that prey-taxis does not change the stability of equilibrium solution when the prey-taxis
rate yx is small. We then regard the prey-tactic sensitivity coefficient x as the bifurcation
parameter and find the existence of nonconstant positive steady states. That is to say the
prey-taxis effect can make the dynamic behaviors of the system more complicated. And
for the time-delay case, we regard the digestion delay as the bifurcation parameter and
obtain the existence of spatially homogeneously time-periodic solutions, which illustrates
the importance of time delay effect.

Biologically, if the prey-taxis rate is weak, the distribution of both predator and prey
species may tend to be stabilized over time. Otherwise, the spatial distribution of species
will present inhomogeneity, which is the so-called stationary pattern. Furthermore, the
periodic oscillations of species density distribution could be induced by digestion delay of
predator.
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