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1 Introduction
Population biology is an important subject in both ecology and mathematical ecology.
And predator-prey model is one of the most interesting and popular areas in population
biology. Many scholars have done a lot of work in it and derived some important results
[1-6].

Generally, prey-predator models can be written as the following form:

% = uf(u) — g(u,v)v,

% =cg(u,v)v—0v,

(1.1)

where u(¢) and v(¢) represent prey and predator densities at time ¢, respectively. f (i) repre-
sents the prey growth law in the absence of predators, and g(i, v) is the functional response
of predators to prey density (the average feeding rate of a predator). Parameters ¢ and d
represent the conversion rate from prey to predator and the death rate of predator.

In predator-prey models, the functional response of predators to prey density is essen-
tial, and it can enrich the dynamics of predator-prey systems. In ecology, many factors,
such as prey escape ability, predator hunting ability and the structure of the prey habi-
tat, can affect functional responses [7, 8]. Generally, functional responses can be divided
into the following types: prey-dependent (such as Holling I-III [9]) and prey-predator-
dependent (such as Beddington-DeAngelis [10], Crowley-Martin [11], Hassel-Varley [12]).

Recently, more and more researchers have suggested that prey-predator-dependent
functional responses are more suitable and can enrich the dynamics of predator-prey sys-
tems [13-15]. Hsu et al. studied the global property of a general predator-prey model with
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Hassell-Varley type functional response [16]. Cantrell and Cosner discussed some dynam-
ical properties of predator-prey models with Beddington-DeAngelis functional response
[17]. Tripathi et al. considered the permanence, non-permanence, local asymptotic sta-
bility and global asymptotic stability of equilibria of delayed predator-prey models with
Crowley-Martin functional response [18]. Skalski and Gilliam suggest that Beddington-
DeAngelis or Hassell-Varley functional responses are suitable for the case where predator
feeding rate becomes independent of predator density at high prey density, and Crowley-
Martin model is suitable for the case where predator feeding rate is decreased by higher
predator density even when prey density is high [19].

In predator-prey models, prey refuge is one of the important factors, and many re-
searchers have studied it. In [20], Sharma and Samanta studied a Leslie-Gower model with
disease and refuge in prey, including the positivity and boundedness of solutions, and the
stability of equilibria. In [21], Tripathi et al. considered a delayed predator-prey model
with Beddington-DeAngelis functional response and prey refuge. They studied local and
global asymptotic stability of various equilibria and time delay induced Hopf bifurcation.
In [22], Chen et al. investigated the effect of prey refuge on a Leslie-Gower predator-prey
model. They suggest that prey refuge has no influence on the persistent property of this
model, but it can affect the prey and predator densities. Most of works suggest that prey
refuge has a stabilizing effect on the prey-predator model [23-25]. In [26], Tripathi et
al. studied a predator-prey model with Beddington-DeAngelis type functional response
incorporating a prey refuge, that is,

du

2 -ul-u-

a(l-m)v
r )

1+b(1-m)u+cv (1 2)
dv _ ( e(l-mu 9) ’
dt — "N 1+b(1-m)u+cv ’

with the initial conditions #(0) = uy > 0, v(0) = vo > 0, which are biologically meaningful.
m is the prey refuge rate. Tripathi et al. studied local and global stability of various bound-
ary equilibria and coexisting equilibria. Using some data, they also discussed the inverse
problem of estimation of a model parameter.

In recent years, since predators and their preys distribute inhomogeneously in differ-
ent spatial locations at time ¢, many researchers have studied predator-prey systems with
diffusion term. Predator-prey systems with diffusion term may exhibit richer dynami-
cal properties, including Turing instability, pattern formation, spatially inhomogeneous
periodic solutions etc. [27-31]. In [30], Tang and Song considered a delayed diffusive
predator-prey model with herd behavior and analyzed the stability and Hopf bifurcation.
In [31] the authors considered the spatial, temporal and spatiotemporal patterns of dif-
fusive predator-prey models with mutual interference. In [29], Jia and Xue discussed the
effects of the self- and cross-diffusion on positive steady states for a generalized predator-
prey system. In this paper, we will study the effect of diffusion on system (1.2).

Motivated by above, we propose the following system:

outs, _
"g’t‘t) :dlAu+u(1—u—%), x€Q,t>0,

vxt) _ (A-m)u(t-7)
T —dzAV+SV(m—d), xGQ,t>0, (1 3)

U (x,£) =0, Ve(x, ) =0, x€0Q,t>0,

u(x, t) = up(x,t) > 0, v(x, t) =vo(x,t) >0, x€Q,te[-1,0],
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where s =¢, d = 0/e, Q = (0,Ir), (I > 0). In system (1.3), we assume that the region Q is
closed, with no prey and predator species entering and leaving the region at the boundary.
We also assume that the reproduction of predator population after predating the prey will
not be instantaneous. There is a time delay t required for gestation of predator.

The rest of this paper is arranged as follows. We study the stability property of the non-
delayed system in the next section and discuss the delayed system in Section 3. Then we

give some numerical simulations. At last, we end this paper with a brief conclusion.

2 Stability analysis of the non-delayed system
Without delay, system (1.3) becomes

g—’: :dlAu+u(1—u—%), x€(0,in),t>0,

g—‘; = dzAv+sv(1+b((l¢)” -d), x€(0,x),t>0,

1-m)u+cv (2'1)
1, (0, 1) = v,(0,£) = 0, uy(lm,t) = vy (lm,£) =0, >0,
u(x,0) = uo(x,2) > 0, v(x,0) =vo(x,£) >0, x€][0,In].

Obviously, system (1.3) has a trivial equilibrium (0, 0) and a predator-free axial equilibrium

(1,0). If E,(u,, v,) is a coexisting equilibrium of system (1.3), then it is easy to obtain that

Vs = %;“*). Then u, € (0,1) and is a root of
h(u) = cu® + (a(l - bd)(1 - m) - ¢)u — ad = 0. @2

Obviously, #(0) = —ad < 0 and k(1) = a[(1 — bd)(1 —m) — d]. If d < (1 — bd)(1 — m), then
h(1) > 0 implies that system (1.3) has at least one coexisting equilibrium.

In this paper, we just suppose system (1.3) has a coexisting equilibrium point E, (s, vy).

2.1 Local stability analysis of the model without diffusion
If di = d» = 0, the Jacobian matrix at E, (i, v,) is

an [250)
] = b
Sajr Sdjlp
where

an =bd(l-w.) —u,,  an=d(cd-u)/1-m)-a),

an =1 -bd)(1 - u,)la, ayy = —cd(l —u,)/a(l — m).
Obviously, ay; < 0. The characteristic equation is

22— troh + Ag = 0. (2.3)
The characteristic roots are A; 5 = %[tro + VAol If

tro = an + sasy < 0 and Ao = S(ﬂudzz - 61126121) >0,

Page 3 of 22
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then the characteristic roots have negative real parts. Make the following hypothesis:
andz — azdan > 0. (Hi)

If (H;) holds, then E,(u,,v,) is locally asymptotically stable if and only if a;; + sas; < 0.
Meanwhile, if a;; > 0 when s near —ay1/423, Eq. (2.3) has a pair of complex eigenvalues
a(s) £ iw(s), where

als)= S (an +5an), 09 = 3 /Sanan —anan)
and
a(-an/a) =0, o (—anlay) = axl2, w(-an/a) > 0.
Theorem 2.1 When d; = d, = 0, assume (H;) holds.
(i) Ifayy +sazy <0, then P(u,,v,) is locally asymptotically stable;

(ii) Ifan > 0, Hopf bifurcation occurs at P(u., vy) when s = —an/as;.

2.2 Turing instability and Hopf bifurcation
For system (2.1), the characteristic equation at E, (u, ) is

A —trh+ A,(r) =0, neN,, (2.4)
where

2
try, =tro — 7—2(611 + dz),

= Ao - 5 (doar +d didy 22
Ay = Do~ dran +disaz) + didy 7,
and the eigenvalues are
try & \/tri —4A
W)= =Y T e N, (2.6)

2

Notice that a;; + sasy < 0 implies that ¢r, < 0 for n € Ny. Suppose (H;) holds, then the
eigenvalues of (2.4) have negative real parts if A, > 0 guaranteed by

doan + disay <0, (2.7)
or

dyany + disazy >0, and  (dyan + disas)? — 4dids Ag < 0. (2.8)
If

dyayy + disary >0, and  (daay + dysan)? — 4dids Ao > 0 (2.9)

hold, and there exists k € N such that Ay < 0, then the eigenvalues of (2.4) have a positive
real part A%)(s), which implies that E, (i, v,) is unstable for system (2.1).
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Assume (H;) holds and 4;; > 0. When

1 n?
S=8, = —— “11_1_2(d1+d2) , neNy (2.10)

an

and A,(s,) > 0, Eq. (2.4) has purely imaginary values. Obviously, A¢(sg) = — 2L (ay1am; —

a2
dirdy) > 0. From (2.5), we know that there exists #* > 1 € N such that A,(s,) > 0 for n =

0,1,...,m* —1.Let

An(8) = ay(s) £iw,(s), n=0,1,..., 1" =1
be the roots of Eq. (2.4) satisfying

an(sn) =0, @ulsn) = v Anlsn).

When s is near s,

o (s) = L‘r,,z(s)’ n(8) =/ Ay — 02(s).

From (2.5), we know that

o (sn) = % <0. (2.11)
Theorem 2.2 Assume (H;) holds.
(i) Ifan +sax <0 and (2.7) (or (2.8)) hold, then E,(u,, v) is locally asymptotically

stable;

(ii) If an + sax <0 and (2.9) hold, and Ay > 0 for k € N, then E,(u, vy) is locally
asymptotically stable;

(iif) If an +sax <0 and (2.9) hold, and Ay < 0 for k € N, then E,(u., v,) is Turing
unstable;

(iv) Hopf bifurcation occurs at E,(uy, vs) when s = sy, for 0 <n <n*-1.

Similarly, we can obtain that for system (2.1), (0, 0) is unstable and (1, 0) is locally stable
under condition d > (1 — bd)(1 — m).

2.3 Global stability of (1,0) and (u,, v.)
Theorem 2.3 When d > (1 - bd)(1 — m), (1,0) is globally asymptotically stable.

Proof From (2.1), we can obtain that

ou 4 3%u ) a(l-m)v < u(l-u)
—di—=ull-y-—i— —— u(l—u).
at ' oa2 1+b(Q-mu+cv) —

Use the comparison principle, then

lim max u(x,t) <1.
t—+00 xe[0,lr]
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From (2.1), we can obtain

v 92 , 1-m 4
——di— =S -da).
at o2 (1 +cv)/u+ b(1 - m)

When d > (1 - bd)(1 — m),

sv( 1-m —d)<sv<1_4m—d><0
1+ cev)/u+b1-m) T \1+b(1-m) ’

For an arbitrary constant € > 0, there exists T > 0 such that v(x,£) <€ for ¢ > T. Then

8—u—d1a2—u=u<1—u —a(l—m)v )>u<1—u——a(1_m)6 )

ot 0x? _1+b(1—m)u+cv - 1+ b1 - mu + ce

So limy_, o0 u(x, t) = 1 and lim;_, ., v(x, ) = 0 for x € [0, I ]. O

For the sake of completeness, we give the following theorem about the global stability
of E(u,, v.) by the proof process similar to that in [26].

Theorem 2.4 When b(1 — m)(1 — u,) <1, E(u, v,) is globally asymptotically stable.

Proof Let u(x, t), v(x, t) be a positive solution of system (2.1) and define the following Lya-
punov function:

W(t) = /Q[Vl(u) +AV2(V)] dx

a(l+b(1-m)uy) :
e 0 is a pos-

with Vi(u) = u — u, — u*lnu—"*, Vo) =v—v, — V*lni and A =
itive constant. Denote p(u,v) = (1 + b(1 — m)u, + cv,)(1 + b(1 — m)u + cv) > 0. By simple

computation, it follows that

W'(t) = -1(t) + /Q{ (u _uu*)ut +A v _Vv*)vt} dx

a(l — m)v, a(l - m)v
:_I(t)+/ﬂ{(u—u*)(—(u—u*)+1+b(1_m)u*+cv*—1+b(1_m)u+cv)
(1-m)u (1 — m)u,
+AS(V_V*)(1+b(1—m)u+cv_1+b(1—m)u*+cv*>}dx

=—I(t) + / {(u - u*)|:—(u —u,) +a(l—m) (= v) + b0~ m) v, - M*V):|
Q

p(u,v)

+As(v—v,) 1 —m)

10+ fg{(u— )

X [—(u —uy) +a(l —m)

(u — uy) + c(uvy, — uyv) }
dx
p(,v)

—(v=v.) + b1 - m)[(u — u)vs — u (v —v,)] ]
pu,v)
(u—u) + c[(u = u)vi — u (v —v,)]

+As(v—v,) 1 —m) }dx
p(u,v)
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=-I(2) + / {—(u —u,)? +ab(l - m)ZV*M — Asc(1 - m)u*M
Q p(u,v) ()
(I/t - M*)(V - V*)
U0 s v+ 50 m) -
i} ablL=my. 2 (v =,)?
= —I(t) + /;2{_<1 - W)(M - M*) —ASC(I - m)u* p(u’v) }dx

with I(t) = [ [di % |Vul* + Ady % |Vv|*] dx > 0. In addition,

ab(l - m)?v, ab(l - m)?v,

pu,v) B 1 +b(A-m)uy +cv,)A + b1 — mu + cv)
ab(l — m)?v,
B 1 +bQ -m)uy, +cvy)

=1-bQ-m)(A-u,) >0

under condition b(1 — m)(1 — u,) < 1. Thus W’(¢) < 0, which implies the desired assertion

since the equality holds only when (i, v) = (14, ). |

3 Stability analysis of the delayed system

3.1 Stability analysis and the existence of Hopf bifurcation

For simplification of notations, use u(t), v(¢), u(t — ), v(¢t — t) for u(x, £), v(x, t), u(x, t — 1),
v(x,t — T), respectively. Linear system (1.3) at P = (i, v4):

u
a u(t) u(t) ult — 1)
<%) -ba <V(t)) +h (v(t)) +ho <V(t— r)>’ (31)

where

(0 2) (v ) ()
The characteristic equation is
det(Al =M, — Ly = Lye ") = 0,
where I is the 2 x 2 identity matrix and M,, = —n*/I*D, n € Ny. Then we have
A2+ 1A, + B, +5(Cy — Aap)e ™ =0, (32)

where

2
A, =(d + d2)1_2 —an,

n* 4 n>
1—4 —adydn 1—2,
)

Cy = —drax 7t anan —and.

Bn = dldz
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Let iw (w > 0) be a solution of Eq. (3.2), then
—w? + iwA, + B, + $(C,, — iwas)(cos wt — isinwt) = 0.
Then we obtain

—w? + B, +sC, cOswT — azswsinwt = 0,

Ao — C,ssinwt — dayswcoswt = 0.
Then
w* + [Al - 2B, - a3,s’|w* + B, - Cis* = 0. (3.3)
Denote z = ?, then (3.3) becomes
2+ [A2-2B, - a3s’|z+B, - C2s*=0=0, (3.4)

and the roots are

7t = %[—( 2~ 2B, —a5s’) + \/ (A2 - 2B, — a%s?)” - 4(B2 - Cgs2)]. (3.5)

Assume (H;) and condition (i) or (ii) in Theorem 2.2 holds. Then
B,+sC,=A,>0,
2 2 4
A2 -2B, —a3,s* = (d17—2 - au> 22 a5,s°,

and

nt  n?
B,-sC, = d1d21_4 + l—2(ﬂ22d1s —andy) — s(anass — arnan).

Denote
S ={n|B, —sC, <0,n € Ny}
Then S is a finite set since lim,,_, o, B,, — sC,, — +00.

Lemma 3.1 Assume (H;) and condition (i) or (ii) in Theorem 2.2 holds. Then Eq. (3.2) has

a pair of purely imaginary roots tiw, (n € S) at 1) = 0+ %,j € Ny, where
1 C,w? = B,Cy, + agA,w*
70 = — arccos — s 2007 and w,=vz (givenin (35)).  (3.6)
Wy s(C2 + az,w?)

Lemma 3.2 Assume (H;) and condition (i) or (ii) in Theorem 2.2 holds. Then Re )\’n(tﬁ) >0
forneSandjeN,.
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Proof Differentiating two sides of (3.2) with respect to 7, we have

(dk)l _2h+A,—sape’t T

d_‘L' - S(Cn - )\6122))\6_}“ B X

Then

R A\t R 2A+A, —sape™™™ 1T
el — = Re - —
dt et s(C, — Aaxp)re >t A

1
- sz (20 + A% - 2B, — a3,s*)

- %wz\/(Aﬁ ~2B, —a},s?)’ - 4(B2 - C2s?) > 0,

where A = C252w? + a2,s*w* > 0. Therefore Re )/ (1) > 0. O
Denote t° = minses{t,}. According to the above analysis, we have the following theorem.

Theorem 3.1 Assume (H;) and condition (i) or (ii) in Theorem 2.2 holds.
(i) Ei(us,vs) is locally asymptotically stable for T € [0,1?).
(ii) E.(us, v) is unstable for T > 0.
(iii) 7= rf, (n €S, je Ny) are Hopf bifurcation values of system (1.3).

3.2 Stability and direction of Hopf bifurcation

We give detailed computation about Hopf bifurcation using the method in [32, 33]. For
fixedj € Ny and n € S, we denote 7 = tf,. Let u(x, t) = u(x, tt) — u, and v(x, t) = v(x, Tt) — v,
For convenience, we drop the bar. Then (1.3) can be written as

u
ot
av

5 = TldaAv +s(v +v.)(

’

a(l-m)(v+vy) )]

1+b(1—m) (u+us)+c(v+vy)
A—m)(u(t=1)+ux) —-d)]

1+b(1—m) (u(t=1)+ux ) +c(v(E=1)+vy) :

=tldiAu+ (u+u)((1—-u—u,) - (3.7)

Let

T =f+/'l'r Ml(t) =M('!t))
uy(t) =v(t) and U= (us,u)".

In the phase space G := C([-1,0],X), (3.7) can be rewritten as
du(t)

=TDAU(t) + L (U;) + F(Uy, 1), (3.8)

where L, (¢) and F(¢, 1) are given respectively by

sang1(-1) + sazda(-1)

E(p, i) = uDAG + L, (@) +f(, 1),

L ¢):M( a161(0) + a126(0) )
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with

@) = E + W (Fi(¢ 1), B2, )

Fi(¢, 1) = (1(0) + 1) ((1 —$1(0)— ) - a(l —m)(¢2(0) + vy) )

1+ b(1 —m)(¢1(0) + 1) + c(¢2(0) +v,)
—and1(0) — ang»(0),

Fy(¢,1) = 5(¢2(0) + v*)( (1= m)((-1) + ) _d)

1+ b1 - m)(1(-1) + u,) + c(da(-1) +vy)
—sang1(-1) — saxnd>(-1)

for ¢ = (¢1,42)" € €.
Consider the linear equation

dl(t)

= IDAU) + Le(Uy). (3.9)

From the previous discussion, we know that +iw, are simply purely imaginary character-
istic values of the linear functional differential equation

dz(t) . n?
7 = —'L'Dl—zz(t) + Lf(Zt). (310)

From the Riesz representation theorem, there exists a bounded variation function
7"(0,7)-1 <0 <Osuchthat—FD5$(0)+L:(9) = [, dn™(0,7)$(0) for ¢ € C([-1,0],R).
In fact, we can choose

TtE, o=0,
n"(o,7t) =10, o € (-1,0), (3.11)
—1tF, o=-1,
where
— a4 0 0
E- an 12 aun2 , F- ' (312)
0 _d2[_2 Sdy1  Sdzp

Let A(T) denote the infinitesimal generators of a semigroup included by the solutions of
Eq. (3.10) and A* be the formal adjoint of A(7) under the bilinear pairing

0 o
(v.8) = 40900~ /g V(& - o) dn(0, D) (€) d
-1 Je=0
0
- p(0)9(0)+7 [ (e + DFp(E)ds (313)
-1
for ¢ € C([-1,0],R?), ¥ € C([-1,0],R?). iw,T is a pair of simple purely imaginary eigen-
values of A(7) and A*. Let P and P* be the center subspace, that is, the generalized

eigenspace of A(7) and A* associated with +iw,, respectively. Then P* is the adjoint space
of Pand dim P = dim P* = 2.
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Let p1(0) = (1,€) e (o € [-1,0]), q1(r) = (1, n)e~™"*" (r € [0,1]) be the eigenfunctions
of A(T) and A* corresponding to iw, T, —iw,T, respectively. By direct calculations, we chose

1 ) }’12 _e—irwn ) 1’12
§=—\iwy—an+di— |, n= lw, +an —di 7 .
ain [ Saj [

Let ® = (¥1, d;) and W* = (W5, ¥5)T with

01() 2 21O F22(0) _ ( Re(er*7) )
2 Re(%-eta)nra)

0s(0) = 202D ( Im(e ™) )
i Im(&e' ™)

for 6 € [-1,0], and

wi() = 20 ;qzm : ( Re(e”™ ™) )
Re(ne~"@n*)

W)= 20 2:qz(r) : <1m<ei‘:f;) )
i Im(ne=®ntr)

for r € [0,1]. Then we can compute by (3.13)

Di:= (W), @),  Di:i= (¥, @),  Dii=(V,®1),  Dj:=(¥3,Ps).

D Dj

Define (W*, ®) = (W}, dy) = ( ! *) and construct a new basis W for P* by
j D% DE

-1

W= (U, W) = (W%, @) v

Then (¥, @) = I,. In addition, define £, := (B}, B2), where

1 [cosTx 2 0
P ( 0 )’ & (cos%x ’

We also define
c fy= 01,3,1, + czﬂf, for ¢ = (c1,¢2)T € Gy.

Thus the center subspace of linear equation (3.9) is given by PcyC; @ PsCy, and PsCy

denotes the complement subspace of PcyC; in Cy,

1 I 1 I
(u,v) = —/ uvidx + —/ Us Vs dx
I Jo I Jo

for u = (ul: u2): V= (Vl; Vz), u,v e X and (¢:f0> = (<¢’ﬁ)l>y <¢:f£)2))T
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Let A; denote the infinitesimal generator of an analytic semigroup induced by the linear
system (3.9), and Eq. (3.7) can be rewritten as the following abstract form:

au(z)

7 :Afut +R(Ut, /.L), (314)
where
O, 9 € [_1: 0)7
R(Uy, 1) = (3.15)
F(Ut’ /’L)r 0=0.

By the decomposition of C;, the solution above can be written as

U, = o (’“) fo 4 (2 1), (3.16)

X2

where

X1 _
(xz) = (\I"’ (Utr }’1))7

and
h(x1,%9, 1) € PsCy, h(0,0,0) =0, Dh(0,0,0) = 0.

In particular, the solution of (3.8) on the center manifold is given by

U =& (D) £, 4 hoy, 20, 0). (3.17)
x2(t)

Let z = x; — ix», and notice that p; = ®; + i®,. Then we have

() (xl)fn - ((Dl,cbz) <z)fn = %(plz +W)ﬁ,,
2

X2

and

z+z i(z-2)
h(xlyxZ; 0) = h( 9 ) 5 ,0)

Hence, Eq. (3.17) can be transformed into

1 . z+2z i(z-2)
L[t = E(p1Z+plz)f,, +h(T,—2 ,0)

= %(plz +piz)fu + W(z,2), (3.18)

where

W(z,z)zh(iz, i(z‘z),o).
2 2
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From [32], z satisfies

z=iw,Tz+ g(z,2),
where

2(z,2) = (W1(0) — iW2(0))(F(Uy, 0), f,)-
Let

z2 z
W(Z,z) = WQOE + WHZE+ W()ZE +---,

z? z*
8(z,2) =go— +guzz+ g2+,
2 2
from Egs. (3.18) and (3.21), we have
_ nx O w1 s D Z
u,(0) = (z+z)cos(7> + Wy (0)3 + Wi (0)zz + Wy, (0)3 +oen,

v,(0) =

(S O I

> nx O 7+ w s w2
(& + &2) cos T + Wy (0)5 + Wiy (0)2z + Wy, (0)3 +oee,

u(-1) =

N|—= N =

2
o nx z
V(1) = (gze_””"f + EZe”"”’) COS(T> + WZ%)(—I)E
2
+ W (-1)zz + ng)(—ng +oee,
and

Fi(U,0) = 2B = ot (0) + fuptsO0) + Zfu(0) + furaat}0)

b St OW(0) + 2 funitd OVF(0) + <fonpH0) + O,

— 1 1 1 1
2 tr =<2 = ~Guut \—1) + Gt \—L)Ve (1) + gV 1) + —Zuuulh \—
Fo(Uy, 0) = =F> = 5 2(-1) (-Dvi(-1) 2(-1) < 2(-1)

2

1 1 1
+ Eguuvu%(_l)vt(_l) + Eguvv”t(_l)vg(_l) + gngV?(—l) + 0(4),

with

= 2a(m —1)*v,(b + bev,,)
YT (=1 = buy + bmuy, — cv)®

o= a(m —1)(=1 = cvy + b(m — Du, (1 + 2cvy))
we (=14 b(m —Du, —cv,)? ’

foe 2ac(m — D, (=1 + b(m - )u,) Fom 6ab*(m—-1)%v.(1 + cv,)
W (=1 + b(m — D)uy — cv,)3 M+ by — muy) + cvi)t

Fon = ab(m —1)*(=1 + v + b(m — Du(1 + 2cv,.))

1+ b(uy — mu,) + cv, )t

Page 13 of 22

(3.19)

(3.20)

(3.21)

(3.22)

- L. nx 22 zz
(ze™F + ze""7) cos<7> + WZ%)(—I)E + WP (-1)zz + W(()lz)(—l)g +ee,
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ac(m —1)(=1 + b*(m — 1)?u? — cv, + 2bc(m — Du,v,)

Juw = (1 + by — muy) + cvy)t ’
6ac*(m - Du.(-1+ b(m —1)u,,) 2(m = 1)%sv, (b + bevy,)
Jow == (1 + by — muy) + cvy )t ’ S = (=1 = bu, + bmu, — cv,)?’
_clm = 1)svi (1 - bu, + bmu, + cv,) ~ 2¢2(1 — m)su, v,
we (1 + bu, — bmu, + cv,)3 ’ YT A+ (1 - m)us + cv,)3’
6b%(m —1)3sv,(1 + cvy) be(m —1)2sv,.(2 + b(m — Du,, + 2cvy)
Suaas = = (1 + b(u, — mu) + cv,)*’ v = 1+ b(uy — mu,) + cv,)* ’
c2(m = 1)sv, (1 + 2b(m — Du, + cvy) 6¢3(1 — m)suvy
S T b —mu) r vt ST T W b - m)us + cv)t
Hence,

_ nx\ [z _ Z_
Fi(U,,0) = COSZ(T) (3)(20 +2Z)1 + 3)(20)

2z nx 2z gnx
+ = 008 kI + = €08 K+

l 2 l

2 =2
_ nx\ [z _ z°_
F»(U;,0) = 0052(—1 )(55‘20 +2zgn + ES’zo)

(F(UL,0),fn) = T (Fu(Us, 0)f, + Fo(Uy, 0)f7)

- rass z°z _ [k
X0 )by gz (M) r e Zf 520 T+ =7 ')+
§20 S11 2 $20 2 K2

1 [ nx
r=— )| = ) ax,
ln/ cos ( ] )dx
I I nx
K1 = Kn—/ cos < >dx+/c12—/ cos ( ] )dx,
I I nx
K2—K21—/ cos < )dx+/<221 / cos (T) dx

z?
2

with

and

o0 = %(fm, CEQf+Ef) am = %(f + €+ E)fow +EES),

K = Wf?(O)(fW +Ef) + Wff)(O)(fuv +£f)

t5 2 0)(fuuw + Efin) + = Wzo 0) (o + Efn),
K12 = i (3fuuu + (g + 2‘%—)fuuv + E ((25 + E)fuvv + 3§§fvw)),
1 1 _ _
S =€ T (G + E (2 + Eg0)), u = E(guu + (€ +8)guw +EEgn),
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e = €W (1) (@ + Egur) + €T WD (1) (@ + Egi)
1. _ 1. _
+ ienwn Wz%)(_l)(guu + ng) + Eelrwn Wz(?))(_l)(guv + ng),

1 — _ _
Kap = ﬂe_ww” (3guuu + (S + 2‘i-:)guuv + S((zé + S)guw + 3$€:ng))

Denote

U(0) —iw2(0) := (1 y2)-

Notice that
1 [ nx
I COSSde=0, n=12,3,...,
T Jo

and we have
(¥1(0) - iW5(0))(F(Uy, 0), £;,)

z? L .2 _ .
= 3()’1){20 +12620)0'T +2Z(y1xn + osu)I'T + E(Vleo + 2G0T

’z

N

+ —T[yik1 + yako] + - . (3.23)

o]

By (3.20), (3.22) and (3.23), we obtain that gog = g11 = g0 =0, forn =1,2,3,.... If n = 0, we
have

£20 =NTX20 + V2T 20, gu=nTxu+rIisn 802 = V1T X20 + V2T G20-

And for n € Ny, go1 = T(y1Kk1 + Yak2).
From [32], we have

W(z,i) = Whozz + W12z + an% + Wozi +oe,
z? v
A W(z,2) =AfW20§ +A: Whnzz +AfW()25 +-,
and W(z,z) satisfies
W(z,2) = A: W + H(z,2),
where

z? z
H(Z,E) :HZOE + WHZE"'HOZE + -

= XoF(Uy,0) - ®(V, (XoF(Uy, 0), /) - fu)- (3.24)
Hence, we have

(2iw, T — Az) Woo = Hao, -A; Wi = Hy, (—2iw,T — Az)Wop = Hoy, (3.25)
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that is,

Wao = (iw,T — A7) Hao, W = —AE]HH,

Woo = (—2iw,T — Az) ™ Hop.

By (3.23), we obtain that for 6 € [-1,0),

H(z,2) = =®(0)W (0)(F(U, 0), ;) - fu
_ _(me) +p2(0) p1(6) —Pz(e)) <d>1<0>

2 2 %(0)) (U 0) ) -1

= —% [21(0)(®1(0) — iD2(0)) + p2(6)(P1(0) + id2(0)) |(F(U, 0), ) - f
2
= _% |:(p1(9)g20 +P2(9)§02)% + (01(0)gn + p2(0)g,,) 22
2
+ (1(6)go2 +p2(9)§20)5} Hoee

Therefore by (3.24), for 6 € [-1,0),

0, nel,
Hy(0) =1 _

—5(p1(0)g20 + p2(0)8y) - fo, n=0,

0, neN,
Hn(9) = ) _

-5 (p10)gu + p2(0)gy,) - fo, n=0,

nel,
Hp(0) =
(P1(9)g02 +p2(0)gy0) - fo, n=0,

and

H(z,2)(0) = F(U;,0) - ®(¥, (F(Uy,0),f,)) “ fo

where

X20 COS2(mC) ne N’
Hy(0) = ~(i22‘(’))
T(§20) 2([71 0)g20 +P2(0)g02) ﬁ); n=0,
i cosz(”") neN,
Hu0) = )< ]
t(gn) 0)gu +p2(0)gyy) - fo, n=0.

From A; and (3.25), we obtain that

. - 1 _
Wao = Az Wyg = 2iw, T Wy + 5(?1(9)5,’20 +P2(9)g02) S -1<6<0.

Page 16 of 22

(3.26)

(3.27)
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That is,

i g . ~
Wao(6) = —— ( 22021(0) + 2ps(6) ) - £, + Ere?r™,
2iw, T 3

where

Wa0(0), n=1,2,3,...,

E = ) _
W20(0) = 3= (g2021(0) + ££p2(0)) - fo, n=0.

From A; and (3.25), we obtain that for -1 <6 <0,

—<g20P1(0) + %Pz(@) -Jo + 2iw,TE, — Az (; (g20191(0) + iﬁpz(o)) 'f0>

2w,T

i
—AzE - L;
o r<2wnf

(gZOPI(O) + ‘%m(O)) o +Eleziwnfe>
~ [ X20 1 B
-t ( ) ~ 5 (1100220 + P2(0)202) - fo-

G20

Afpl(o) +L; (Pl 'fo) = ia)opl(o) 'fo;

and

Azp2(0) + Lz (p2 - fo) = —iwopa(0) - fo,

we have

) nx
2iw,Ey — AzEy — L;Eje®n = § (Xzo) cos? (—), n € Np.

G20 l
That is,
~ X20 nx
Ei=7E cos?[ =},
G20 l
where
2 -1
. = n
E- 2la)y,‘1,' + dl l—zﬂu —ai)
= o . - 2 o = .
—sane Xt 2iw,T +dyly — sane Ot

Similarly, from (3.26), we have

i

Wiy =
1 2w,T

(1O)gn +p2(0)gy) - fur -1<6<0.
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That is,

Wi (6) = —

(£1(0)g, — p1(0)gu) + Es.

2iw,T

Similarly, we have

Ey=tE (! cosZ<E>,
su l

where

2 -1
n
B = dll_z —an —al2
= ) .
n
—Sda1 dy 7 —Sa2

Thus, we can obtain the following quantities which determine the property of Hopf bifur-
cation:
i
2w,T

c1(0) = 3 + =1, Mo =

g0l ) 1 _ Re(c(0))
2 Re(M' (1))’

(gzogu —2lgnl* -
(3.28)

T)=- 1; [Im(c1(0)) + w2 Im(X'(7))], B2 =2Re(ci(0)).

n

Theorem 3.2 For any critical value 1), we have the following results.
(i) When py > 0 (resp. <0), the Hopf bifurcation is forward (resp. backward).
(i) When B <0 (resp. >0), the bifurcating periodic solutions on the center manifold are
orbitally asymptotically stable (resp. unstable).
(iii) When Ty > 0 (resp. Ty < 0), the period increases (resp. decreases).

4 Numerical simulations
4.1 Thecaseof T =0

Consider the following system:

du _ 0.4(1-m)v
ﬁ =0.1Au + M(l U= 1+9(1—m)u+0.1v)’ (4 1)

2 (A=m)

S =5Av+ 15V(1+9(l_n:')’;:o'1v —-0.05),
where © = 1.57. To study the effect of prey refuge, vary the parameter m in system (4.1).
The stabilities of E, (u,, v,) for system (4.1) are shown in Table 1. It suggests that prey refuge
has a stabilizing effect on system (4.1) without and with diffusion. But when m = 0.15,0.2,

there are differences in these two kinds of systems.

Table 1 Stability of E, (u, v.) for system (4.1)

m Without diffusion ~ With diffusion
0,0.05,0.1 Unstable Unstable
0.15,0.2 Stable Unstable

0.25,0.3,04,05,06,0.7,08,09  Stable Stable
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0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5

Figure 1 Phase portraits of system (4.1) when d; =d; = 0. Left: s = 10, and the initial condition (0.5,8.2).
Right: s = 15 and the initial condition (0.5, 8.2).

u(x.t) vt

t 0 o

Figure 2 For system (4.1), s = 15 and the initial condition is (0.5, 8.2). Left component: u(x, t) (Turing
unstable). Right component: v(x, t) (Turing unstable).

Now, fix m = 0.2, vary the parameter s in system (4.1). E,(0.2069, 8.2033) is the unique
positive equilibrium, and

ay; ~ 0.1501 > 0, aydyy — dppdy ~ 0.0145 > 0,

then (H;) holds. If d; = dy = 0 and ay; + sax < 0, then E, (u,, v,) is locally asymptotically
stable, and the system undergoes Hopf bifurcation at E, (u., v,) when s = —ay; /a5, (shown
in Figure 1). For system (4.1), if we choose s = 15, then by Theorem 2.2(iii), E, (¢, vy) is
Turing unstable, this is shown in Figure 2. For system (4.1), by Theorem 2.2(v), Hopf bi-
furcation occurs when s = —ay;/dy;, this is shown in Figure 3.

4.2 Thecaseof T #0
Consider the following system:

du _ 0.4(1-0.1)v
3 =01Au+u(l-u- 1+5(1—0.1)u+0.5v)’ (4.2)

v _ (1-0.1)u(t-1)
g = 0.28v + 0.5V tn 05— — 0-05),

where Q = 27. System (1.3) has a unique coexistent equilibrium E,(0.5348,12.4395). It
is easy to obtain that E,(u.,v,) is locally stable when t = 0, this is shown in Figure 4.
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u(xt) vix.t)

‘H //"
|
0

t 0

3

X

Figure 3 For system (4.1), s = 10 and the initial condition is (0.5, 8.2). Left component: u(x, t) (Stable).
Right component: v(x,t) (Stable).

u(x,t) v(x,t)

Figure 4 For system (4.2), T = 0 and the initial condition is (0.5, 12). Left component: u(x, t) (Stable). Right
component: v(x,t) (Stable).

Figure 5 For system (1.3), T = 8 and the initial condition is (0.5, 12). Left component: u(x, t) (Stable). Right
component: v(x,t) (Stable).

By computation, we obtain 7, & 9.1937. By Theorem 3.1, we know that if 7 € [0, 7,),
then E, (u,,v,) is locally asymptotically stable, this is shown in Figure 5. By Theorem 3.1,
Hopf bifurcation occurs at the E,(u,,v.) when t = t,. By Theorem 3.2, we have py =
1708.45 > 0, suggesting that the bifurcating periodic solution exists when t > 7, (shown

in Figure 6).
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Figure 6 For system (1.3), T = 9.2 and the initial condition is (0.5, 12). Left component: u(x, t) (Periodic
solution). Right component: v(x, t) (Periodic solution).

5 Conclusion

In this paper, a diffusive predator-prey system with prey refuge and gestation delay is in-
vestigated. For a non-delay system, the conditions inducing Turing instability and Hopf
bifurcation are given. The global stabilities of equilibria (1,0) and (u,, v.) are also consid-
ered. By numerical simulation, we conclude that prey refuge has a stabilizing effect on the
reaction-diffusion system similar to the ODE system. But, when prey refuge is equal to
some values, Turing instability may occur. For a delayed system, time induced instability
and Hopf bifurcation are investigated. We conclude that time delay t may affect the sta-
bility of the positive equilibrium. When it is smaller than the critical value t,, then prey
and predator will coexist and tend to the interior equilibrium E, (u.,v,). When the delay
passes through some critical values, the positive equilibrium loses its stability and Hopf
bifurcations occur. Then prey and predator will exhibit oscillatory behavior.
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