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Abstract

We formulate and analyze a general diffusive predator—prey system with predator maturation
delay. Global asymptotic stability of the predator-free equilibrium and uniform persistence
results are obtained under different conditions on model parameters. We then use Leray—
Schauder degree theory to establish the existence of the spatial heterogeneous steady state.
Moreover, we prove the global existence of nonconstant positive steady states bifurcated
from the positive constant steady state. Taking the time delay as the bifurcation parameter,
we conduct local and global Hopf bifurcation analysis and prove the boundedness of global
Hopf branches. Rigorous analyses for global Hopf bifurcation and branches are challenging
but important in understanding global transitions of dynamics.

Keywords Predator-prey - Reaction-diffusion equations - Maturation delay - Positive steady
states - Periodic orbits - Global bifurcation
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1 Introduction

The predator—prey system has been intensively studied since the work of Lotka [10] and
Volterra [29]. The nonlinear interaction between predators and prey can induce rich dynamics.
Most predator—prey systems possess a stable limit cycle which explains the sustained periodic
oscillations in observed population data of animal communities [11]. Reaction-diffusion
equations can be used to model aquatic ecosystems and to investigate spatiotemporal plankton
dynamics [13]. One of the widely used models was proposed by Rosenzweig and MacArthur
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[17, 18]. A more general model was investigated in [27], where global bifurcation and spatial
pattern formation were studied.

Even for a spatial homogeneous predator—prey system without diffusion, the predator
maturation delay may induce rich dynamics [6, 12, 26]. In [8], bounded global Hopf branches
were investigated for delay differential equations with delay-dependent parameters. One of
the main tools was the geometric stability switch criteria introduced in [1, 2]. This technique
has been recently applied in the Hopf bifurcation analysis of delayed differential systems [9,
19, 21, 24].

In this paper, we will incorporate predator maturation delay into the general diffusive
Rosenzweig-MacArthur model [18, 27]. Let u(x, t) and v(x, t) be the densities of the prey
and the adult predator, respectively. We use t to denote a cutoff age for the maturation delay
of the predator. We further assume that juvenile predators cannot catch prey [28]. Then we
obtain the following diffusive predator—prey model with predator maturation delay:

aug; 2= diAu(x, 1) +b(u(x, 1)) — Bgu(x, D)v(x, 1), x € Q,1>0,
a ’ f—
v(axt 1) =dyAv(x,1) + yBe”*" /Q K, y)gw(y,t — t))v(y,t — t)dy (1.1)

—pv(x,t), x € Q2,t>0,

where Q2 is a bounded domain in R” with smooth boundary 92, b(u) is the growth rate of the
prey in the absence of adult predators, g () is the predator functional response. The parameters
dy and d, represent the diffusion coefficients of prey and adult predators, respectively. K (x, y)
is a general nonnegative kernel function, which is continuous and fQ K (x, y)dy = 1 for any
x € Q. B is the catch rate of the adult predators, y is the energy transform rate for adult
predators, s is the death rate of juvenile predators, and u is the nature death rate of adult
predators. The term e™°7 is the survival probability of a juvenile predator from birth to
mature. Here all parameters are positive, and we consider a closed environment in the sense
that Neumann boundary conditions are assumed.

In this paper, we consider the case that K (x, y) = 8(x — y). Note that the Dirac delta
function can be regarded as the limit of the heat kernel when the diffusion rate approaches
zero. The biological explanation of our assumption is that the spatial diffusion of immature
predators (such as birds) is much smaller than that of mature predators. Rescaling the model
(L)byw =u/B, v=uv/(yB), b(u)=>b(Bu)/B, g()= ypg(Bu) and dropping™ for
convenience, model (1.1) with Dirac delta kernel function can be rewritten as

du(x,t
u;xt ! Aute, 1) 4 (e, ) — g, )0, 1), ¥ € Rt >0,
a b -
U(ax; D dyAv(x, 1) + e Tgu(x, 1 = D)v(x, 1 —7) —po(x, 1), x €Q,1>0,
u(x, 1) _ vlx, 1) _ 0, xe€aQ,t>0,
v av
u(x,0) =ug(x,0) >0,v(x,0) =vo(x,0) >0, x € Q,0€[-1,0]. (1.2)

Throughout this paper, we make the following assumptions:
(Hy) b e C'(RT), 3K > Osuchthat b(0) = h(K) = 0and b(u)(u — K) < Oforu # K.
Hy) g€ CLRh), g(0) =0, g'(u) > 0 forany u > 0.
Typical functions satisfying the above assumptions are b(u) = ru(1— %) (logistic growth)
or b(u) = ru(l — %)(u + a) (weak Allee effect), where r > 0 and K > a > 0, and
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g(u) = cu (Holling type I), g(u) = u‘;r”a (Holling type II), g(u) = ui‘jrka (Holling type III),

gw) =c(1 —e ) (Ivlev type), where c,a > Qand k > 1.

The rest of this paper is organized as follows. In Sect. 2, we present some preliminary
results on positiveness, boundedness, and uniform persistence of solutions. We also inves-
tigate the global stability of the predator-free steady state and local stability of the positive
constant steady state. In Sect. 3, we establish the existence of the positive heterogeneous
steady state via Leray—Schauder degree theory [7], and analyze the steady state bifurcation
from the positive constant steady state. In Sect. 4, we use the delay t > 0 as the bifurcation
parameter and study the Hopf bifurcation with periodic orbits bifurcated from the positive
constant steady state. In Sect. 5, we conduct numerical simulations to illustrate our analytical
results, and compare dynamics of local and nonlocal models. Finally we summarize this
paper in Sect. 6.

2 Preliminary Results and Basic Dynamics

Denote by X = L2(2) the Hilbert space of integrable functions with usual inner product,
C := C([-1, 0], X?) the Banach space of continuous map from [—t, 0] to X2 with the
sup norm, and C™ the nonnegative cone of C. Given a continuous function (u(x, t), v(x, t))
on Q X [—t, 00), we define (u;, v;) € C as (us(0), v;(0)) = (u(-,t +0),v(-,t + 0)) for
0 € [—1,0]. Let ©(¢) : CT — C* with ¢+ > 0 be the solution semiflow associated with
(1.2). Our next results establish the existence, uniqueness, and boundedness of the solution
to (1.2).

Proposition 2.1 For each initial condition uy(x, 0), vo(x, 6) > 0(z 0), system (1.2) admits
a unique solution (u(x, t), v(x, t)) such thatu(x, ), v(x,t) > Oforall (x,1) € Q x (0, 00),

and limsupu(x,t) < K, limsupv(x,t) < K + maxb(u)/u. Moreover, the solution
t—>00 t—00 [0,K]

semiflow ©(t) admits a global compact attractor in CT.
Proof Let (u1(¢), vi(¢)) be the unique solution to

u'(t) = bu(n) — g@®)v), v'(t) =e " Tgult — )t — 1) — po (),
u(@) = supug(x, ), v(@) =supvo(x,0)ford e [—r,0]. 2.1
Q Q

It is readily seen that lim sup u1(#) < K. Especially, for any € > 0, there exists #; > 0 such
—00

that u1(t) < K + € fort > t;. Then, from system (2.1) we get

(=) + V) (1) < buy(t — 1) — pvr (1) < [%lf}g(]b(u) + (K +€) — purt — 1) +v1(0))

for t > 11, and thus limsupv((t) < K + {(r)la}(x] b(u)/i. Note that (1.2) is a mixed
1—00 )
quasi-monotone system [15,Definition 2.1]. It then follows from the definition of lower/upper-

solution in Definition 2.2 in [15] that (u(x,?),v(x,t)) = (u1(¢),v1(t)) and

(u(x,t),v(x,t)) = (0,0) are a pair of upper-solution and lower-solution to (1.2),

respectively. Thus, Theorem 3.1 in [15] implies that (1.2) has a unique global solu-

tion (u(x,t),v(x,t)) which satisfies 0 < wu(x,t) < ui(®), 0 < v(x,t) < vi(r)

for all (x,#) € Q x [0, 00). Consequently, limsupu(x,t) < limsupu;(t) < K and
t—00 t—00

limsupv(x, t) <limsupv(t) < K + max b(u)/q. The strong maximum principle implies
t—00 t—00 [0,K]
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that u(x, 1), v(x, 1) > 0 for all (x, 1) € Q x (0, 00). Especially, the semiflow ©(¢) is point
dissipative. It follows from [30] that ®(¢) is compact for all # > 7. Hence, by [4,Theorem
3.4.8], ©(¢) admits a nonempty global attractor in C*. This completes the proof. O

We now carry out the stability analysis of constant steady states of (1.2). Clearly, system
(1.2) always has two constant steady states (0, 0) and (K, 0), and a positive constant steady
state (u*, v*) exists if g(K) > pand0 <7 <7 := w, where

C_ b

w =g (ue'™) < K, v (2.2)
n
Linearizing (1.2) at a constant steady state (i1, 0), we obtain
U
o = dAU + LUy 2.3)

with domain ¥ := {(u,v)” : u,v € C3(Q) N C'(Q),u, = v, = 0 on IQ}, where
U, t) = (ux, ), vix, )N, d = diag(dy,d»), and L : C — X2 be a bounded linear
operator given by L(¢) = J¢(0) + Jr¢p(—1) for ¢ = (¢1, $)T e C with
S (Y@ —g@s —g@Y , _( 0 0
B 0 —n )T e g @y e g@) )
Then the characteristic equation for linear system (2.3) is
Az —dAz — L(e"z) =0, forz € Y\{0},
which is equivalent to det(Al + 8,d — J — e~*7J;) = O for integer n > 0, where

0=68 <6 < - <6, <841 <---and lim §, = 0 2.4
n—oo

are the eigenvalues of —A in € with Neumann boundary condition [3]. Then the stability of
constant boundary steady states can be analyzed as follows.

Theorem 2.2 (i) The trivial steady state (0, 0) of (1.2) is unstable for all T > Q.
(ii) If either g(K) < juor g(K) > ju, T > T holds, then (K, 0) of (1.2) is globally asymp-
totically stable.
(iii) Ifg(K) > pandt € [0,7) hold, then (K, 0) is unstable, and system (1.2) has a positive
constant steady state (u*, v*).

Proof (i) The characteristic equation at (0, 0) is (A + 8,d; — b'(0))(A + 8,d> + ) = 0 for
integer n > 0. One eigenvalue is b’(0) > 0, thus (0, 0) is unstable for all T > 0.

(ii) The characteristic equation at (K, 0) is given by (A + 8,d; — b'(K))(A + 8uds + 1 —
g(K)e $Te™*T) = 0 for integer n > 0. Since —8,d; + b'(K) < O for all integer n > 0, then
the local stability of (K, 0) is determined by the eigenvalues to

A+ 8pdy+p—g(K)e*Te™?* =0, n=0,1,2---. (2.5)

Note that either g(K) < p or g(K) > u,t > T implies that 8,dy + u > g(K)e 7 for
all integer n > 0. It then follows from [22,Lemma 6] that all eigenvalues of (2.5) have
negative real parts. Thus, (K, 0) is locally asymptotically stable if either g(K) < pu or
g(K) > p, T > T holds. We next show that (K, 0) is globally attractive in C*. Define a
Lyapunov functional L; : C* — R,

0
Li(¢) = /;2¢>2(0)2dx + g(K)e_”/Q $2(0)*d0dx, for ¢ = (¢1, ¢2) € C*.
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Calculating the time derivative of ILj (¢) along the solution of (1.2) yields

dLl 2 —sT
— < —2d2/ |Vv|“dx +f (2g(K)e Tolx, Hv(x, t — 1)
dt Q Q

—2pv(x, ) + g(K)e ™ T (v(x, ) — v(x, t — 1)%)) dx
= 2(g(K)e™" — 1) / v(x, 2dx < 0.
Q

The maximal invariant subset of dIL; /dt = O is the singleton {(K, 0)}. By LaSalle-Lyapunov
invariance principle [5], (K, 0) is globally attractive in C*. We thus conclude the global
stability of (K, 0).

(iii) If g(K) > p and T € [0,7) hold, then u < g(K)e 7, that is, Sods + u < g(K)e 7.
This, together with [22,Lemma 6], implies that there exists one positive eigenvalue of (2.5).
We thus obtain (K, 0) is unstable if g(K) > w and T € [0, T) hold. ]

Theorem 2.3 Ifg(K) > pwandt =T, then (K, 0) of system (1.2) is globally asymptotically
stable.

Proof Let A = {» € C, A is an eigenvalue of (2.5) with ReA = 0}. When g(K) > u and
T = T, then the characteristic equation (2.5_) at (K, 0) has an eigenvalue 0, and all other
eigenvalues have neg_ative real parts, that is, A = {0}. Thus, (1.2) satisfies the nonresonance
condition relative to A. We now explore the local stability of (K, 0) by calculating the normal
forms. Let w = (w1, w2)T = (K — u, v)7. We obtain
dwi(x, 1) = diAwi(x, 1) + b (K)wi(x, 1) + g(K)wa(x, 1)
+ [=b(K —wi(x, 1)) — b (K)wy (x, 1)
+g(K —wi(x, ))walx, 1) — g(K)wa(x, 1)],
dwa(x, 1) = drAwi(x, 1) + e g(K)wa(x, t — 1) — pwa(x, 1)
+ e g(K —wi(x, t —t)wa(x,t — 1) —e *Tg(K)wa(x, t — 1)].
Note that e **g(K) = u. By using the standard notation in delay differential equations

w; () = w(t+06), the above system can be written as an abstract equation w; = Aw,+ F(wy)
onC = C([—rt,0], X?2), A is a linear operator defined as (A¢)(0) = ¢’'(0) for 0 € [—1, 0),

G0 = (% o) o0+ (70O 00+ (G ) oo

and F is a nonlinear operator defined as [F (¢)](0) = 0 for 6 € [—7, 0) and

—b(K — ¢1(0)) — b'(K)¢1(0) + g(K — ¢1(0))$2(0) — g(K)¢2(0))
e g (K — ¢1(—=1)p2(—7) — e T g(K)a(—7) )

For ¢ € C([0, 7], X?) and ¢ € C([—, 0], X?), we introduce a bilinear form

[F(¢)1(0) = (

0
oo = [ [w(O)T¢<0>+ Yo+ o7 (g 2)¢(@)d6]dx

0

= /Q [1/f1(0)¢1(0) + ¥2(0)92(0) + 1 | ¥2(6 + t)¢2(9)d9} dx.

-7

Now, we choose ¥ = (0, )7 and ¢ = (—g_(K)/b/(K), 1) to be the left and right eigen-
functions, respectively, of the linear operator A with respect to the eigenvalue 0. We have the
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decomposition w; = z¢ + y with (i, y) = 0. Hence,

Moreover, since Aqb = 0 and (v, Ay) =0, we have

(W, ) = (¥, Awg) + (b, F(wp)) = (¥, F(wy)).

Coupling the above two equations gives

{Y, ) = (U, Fzp +y)) = /Q Y [F(z¢ + 1](O)dx = /Q[F(w + M2 (0)dx.

If the initial value is a small perturbation of the equilibrium (K, 0), then z is also small with
positive initial value z(0) and y = 0(z3). By Taylor expansion, we obtain

[F(zp + y)12(0) = e *T[¢(K — 2¢1(—7) — y1(=1)) — g(K)[z¢2(—7) + y2(~7)]
=72 (K)g(K) /b (K) + 0(2%).

On the other hand, it is easy to calculate that (y, ¢) = f o1+ ut)dx. Finally, we derive the
following normal form
e T (K)g(K) 2 3
i=————727"+0().
b(K)(1 + pt) @)
Since g(K) > 0, g'(K) > 0 and b'(K) < 0, the zero solution of the above equation with
positive initial value is locally asymptotically stable. This proves the local asymptotic stability
of (K, 0) for the original system (1.2) on C*. On account of the global attractivity of (K, 0)
in C* proved in Theorem 2.2(ii), this equilibrium is globally asymptotically stable in C*
when g(K) > pand t = 7. m}

Denote X := {(¢1,¢2) € CT : ¢ # 0and ¢, # 0} and 0Xg := CT\Xg = {(¢1, $2) €
Ct : ¢ = 0or¢ = 0}. Let M, be the largest positively invariant set in 3X, and @ (¢) be the
omega limit set of the orbit y T(¢) := [ J{O(#)@}. Then My = {(¢1,¢2) € CT : ¢ = 0},

t>0

and w(¢) = {(0,0), (K, 0)} for all ¢>_e Mj. Introduce a generalized distance function
p:CT = Ry as
p(¢) = min 2¢i(x70) forall ¢ = (¢1,¢2) €CT.

xeQ,i=l,

Recall that ©(¢) denotes the solution semiflow of (1.2) on CT. By strong maximum principle
[30,Theorem 2.5], p(®(t)¢) > 0 for all ¢ € Xy. Since p~1(0, 00) C X, the condition (P)
in [25,Section 3] is satisfied. We have the following uniform persistence result.

Theorem 2.4 Assume that g(K) > w and t € [0,7), then there exists an n > 0 such that
for any ¢ € Xg and (u(-,t + ), v(-,t +-)) = O(t)¢p, we have litminfu(x, t) > n and
—00

liminf v(x, t) > nforany x € Q.
11— 00

Proof Denote W*((it, D)) as the stable manifold of a constant steady state (it, ). We claim
that W*((0,0)) N p*1 (0, 00) = . Assume to the contrary that there exists ¢ € CT with
p(¢) > 0 such that (u(x, 1), v(x, 1)) — (0,0) as t — oo. Hence, for any small ¢; > 0,
there exists #{ > 0 such that 0 < u(x,?),v(x,t) < €] forall x € Q and ¢ > t;. Then the
first equation in (1.2) and Proposition 2.1 lead to there exists a constant ¢ > 0 such that

u(x,t)
at

> diAu(x,t) +bu(x,t)) —ejceu(x,t), x € Q,t > 1.
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Note that b(u) — €1 cgu exists a unique positive zero, denoted by u,. > 0. Thus, from Lemma
2.2 in [23], the reaction-diffusion equation

dwi(x, 1)
at

with Neumann boundary condition admits a unique positive steady state u., which is
globally asymptotically stable in C (2, Ry). Then the comparison principle implies that
tlirn u(x,t) > uy, > 0. This is a contradiction. Thus, W*((0, 0)) N p_1 (0, 00) = 0.

—00

=diAwi(x, 1) +b(wi(x,1)) —elcgwl(x,t), x e, t>1

We now verify W*((K, 0)) N p_1 (0, 00) = @. Assume to the contrary that there exists

¢ € CT with p(¢) > 0 such that tlim (u(x,t),v(x, 1)) = (K, 0). Note that g(K) > n and
—00

7 € [0,7) imply that we choose a small €; > 0 such that © < g(K — €2)e™*". And there

exists > O such that u(x,7) > K — ey forall x € Q and r > t, — t. Then the second
equation in (1.2) implies that

dv(x, 1)

ek dAv(x, 1) +e*Tg(K —e)v(x,t — 1) — pv(x, 1), x € Q,t > 0.

Similarly, the comparison principle, © < g(K — €3)e™*7, and the above inequality lead to

lim v(x,t) > 0. This contradicts to the fact lim (u(x, 1), v(x,t)) = (K, 0). Therefore, we
—00 —00

have W*((it, ©)) N p~1(0, o00) = @ with (i, ©) = (0, 0) or (K, 0). By [25,Theorem 3], there
exists an n > 0 such that litm inf p(©(t)¢) > nforany ¢ € CT. O
—00

We now analyze the stability of the positive constant steady state (u*, v*). The corre-
sponding characteristic equation is

An(h, ) i= A% + puih + puo + (Guir +quode T, n=0,1,2---, (2.6)
where

Pny = 8u(dy +do) = b'(w*) + 8" WV + . gn1 = —p,

Do = Gudi — b *) + g W) Guda + 1), G0 = WO @*) — 8udp). &7

Leta = g/ (u*)v* — b'(u*). When t = 0, the characteristic Eq. (2.6) becomes A> + (p,.1 +
gn. )X + (Pn.o + qn.0) = 0 for integer n > 0, where p,.1 + gn.1 = 8,(d1 + d2) + « and
Pn0+4qno = 85d1d2 + ad,dy + g’ (u*)v*. We obtain the following results on the stability
of (u*, v*) when t = 0.

Lemma 2.5 Assume that g(K) > u, consider system (1.2) when t = 0. Then (u*, v*) is
locally asymptotically stable if (A1) : (%)/ |+ < 0 holds, unstable if (A>) : (gEZ; Y Jur>0
holds.

Remark 2.6 1f there exists & € (0, K) such that (%) (u — &) < O foru € [0,5) U (G, K1,

then (A1) holds if and only if & < u* < K, and (A;) holds if and only if 0 < u* < ©.

In the sequel, we assume that (A;) holds. Thus a stability change at (u*, v*) can only
happen when one or more eigenvalues cross the imaginary axis to the right. (A;) ensures
a > 0, which yields p, 0+ gn,0 > 0 for all n, then O cannot be an eigenvalue. Therefore, we
only need to look for a pair of purely imaginary eigenvalues for some v > 0. Substituting
A =iw (w > 0) into (2.6) and separating the real and imaginary part, we have

qn, 1@ SIN T + g,,0 COSWT = w? — DPn.0s Gn,1@COSOWT — gu0SIDWT = —py 1w, (2.8)

@ Springer



Journal of Dynamics and Differential Equations

forn =0,1,2---.Squaring and adding both equations of (2.8) lead to
Fo(@,7) i= o* + (P2 = 2P0 — 42 )0” + (Prg —q2g) =0, n=0,1,2---, (2.9)
where
Pa1 —2Pn0 —dpy = (di +d3)8, +20(d) + d2)8, +a* > 0,
Pno+dno >0, pno— qno = didad; + 2di 8y + ada8, + (o — b (u*) .

Clearly, pn,0 — gn,0 > 0 for all nonnegative integer » if and only if
(Bo) : &' (u™)/g(™) = 2b'(u™) /b(u™).

If (Bo) is satisfied, then F), (w, 7) has no positive zeros, and (A1) holds. Thus, all eigenvalues
stay in the open left-half complex plane. Consequently, we have the following result on the
stability of (u*, v*)

Theorem 2.7 Assume that g(K) > w and t € [0,7). Then (u*, v*) of (1.2) is locally
asymptotically stable if (Bg) holds.

3 Heterogeneous Steady States and Steady State Bifurcations

In this section, we will establish the existence of positive heterogeneous steady state via
Leray—Schauder degree theory [7], and investigate the steady state bifurcation of (1.2) bifur-
cating from the positive constant steady state (u*, v*). Note that the steady state of (1.2)
satisfies the following elliptic equations:

—diAu(x) = b(u(x)) — gu(x))v(x), x € L,
—dryAv(x) = e Tgu(x))v(x) — pov(x), x € Q, (3.1)
u, =v, =0, x € 0Q2.

On account of Theorem 2.2(ii), a positive heterogeneous steady state exists only if g(K) > u
and T € [0, 7). Throughout this section, we assume these necessary conditions hold. We
claim that any nonnegative steady state (u, v) other than (K, 0) and (0, 0) should be positive;
namely, #(x) > 0 and v(x) > O for all x € Q. Assume v(xo) = O for some xo € Q. The
strong maximum principle implies that v(x) = 0, and hence

0> / (u — K)b(u)dx = / —(u — K)di Audx = dlf |V(u — K)|?dx > 0.
Q Q Q

Consequently, u(x) = 0 or u(x) = K. Now, we assume v(x) > 0 for all x € Q. It follows
from strong maximum principle that u(x) > 0 for all x € Q. In particular, all nonnegative
heterogeneous steady states are positive.

We next show that all positive steady states are bounded from above and below by some
positive constants independent of steady states.

Theorem 3.1 Assume that g(K) > w and t € [0, T). There exist two positive constants M
and M, depending on dy,d>, u, K, b, g, 2, such that M < u(x),v(x) < M forall x € Q,
where (u(x), v(x)) is any positive solution of (3.1).

Proof Since —d; Au < b(u), we obtain from [16,Lemma 2.3] that u(x) < K for all x € Q.
Adding the two equations in (3.1) gives —A(du + dyv) < C — (u/d2)(d1u 4 drv), where
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C = [r(r)la}g(] b(u) + diKp/dy > 0 is a constant depending only on model parameters. It

then follows from [16,Lemma 2.3] that # and v are bounded above by a positive constant
M=C/u+K.

Next, we want to show that ||u||s and ||v|/e are bounded below by a positive constant
independent of the solution. Assume to the contrary that there exist a sequence of positive
steady states (u,, v,) such that either ||u,||cc = O or ||v,||cc = 0asn — oco. Anintegration
of the second equation in (3.1) yields

/Q 0 (1) (€ g (1)) — w)dx = O. (3.2)

If |unlloo = 0 as n — o0, then there exists a large n such that e ™57 g(u,, (x)) — pu < —u/2,
and the integral on the left-hand side of the above equation is negative, a contradiction.
Thus, we have ||v,|lcc — 0 as n — oco. Upon extracting a subsequence, we may assume
without loss of generality that (u,, v,) converges to a nonnegative steady state (i, 0) as
n — oo. According to the argument at the beginning of this section, we have either us, = 0
orus = K. Since ||uy||lco — 0 would lead to a contradiction, we obtain s, = K and hence
nlingo e Tg(uy(x))—p = e *Tg(K)—p > 0, which again contradicts to the equation (3.2).
Therefore, we have proved that ||u#|~ and ||v| are bounded below by a positive constant
independent of the solution. Finally, we obtain from Harnack’s inequality (c.f. [16,Lemma
2.2] or [3,Corollary 3.11]) that both u(x) and v(x) are uniformly bounded below by a positive
constant M independent of the steady state. O

3.1 Nonexistence of Positive Heterogeneous Steady States

In this subsection, we prove nonexistence of positive heterogeneous steady states of system
(1.2) when the diffusion rates d; and d, are sufficiently large.

Theorem 3.2 Assume that g(K) > pand t € [0, T). There exists a positive constant d* that
depends on i, K, b, g, Q and 81, such that if min{d,, d»} > d*, then system (1.2) has no
positive heterogeneous steady states.

Proof Let (u, v) be a positive solution of system (3.1). Denote the averages of the solution
on 2 by

=]

1 1
:—/udx,i:—/vdx.
12 Ja 12 Ja

Recall from the proof of Theorem 2.7 that u(x) < K. Integrating the equations in (3.1) gives

e—S‘L’

v =

"’;r' fQ b(u())dx <

max b(u) := M,.
n <u<

K
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We then obtain from (3.1) and [q [u(x)—u]dx = [o[v(x)—v]dx = Othatallowdisplaybreaks
d / |V(u —w)*dx = / (u —u)(b) — gw)v)dx
Q Q
= /Q(b(u) — b)) (u —u)dx + /Q(g(ﬁ)ﬁ —gw)v)(u —u)dx

2
< <max b ) + 85 >/(u —ﬁ)zdx—i—l/(v — 7)2dx,
) 2 o 2 /g

[0.K]

d2/ V(v —0)%dx = / (v —"1) (e Tg(w)v — puv)dx
Q Q

= /Qefsr(v —v) (guw)v — g@)v) dx — /Q(MU — pv)(v —v)dx
(max g'(u))? 2
< 0K / u —)2dx + (g(K) n %> / (v — 7)2dx.
2 Q 2 Q

Let My = max b'(u) + (g(K)? + (max g')?)/2, and My = g(K) + (M? + 1)/2. By

Poincaré’s inequality, we have
di / IV(u —w)|*dx +d2/ V(v —v)|%dx < d* / [V —w)* + |V —v)|*]dx,
Q Q Q

where d* = max{M /81, M»/81} is a positive constant depending on u, K, b, g,  and §;.
If (u, v) is a positive heterogeneous steady state, then min{d;, d»} < d*. This completes the
proof. O

3.2 Existence of Positive Heterogeneous Steady States

In this subsection, we will use Leray—Schauder degree theory to find sufficient conditions
for the existence of positive heterogeneous solutions of system (3.1). Let d* > 0 be given as
in Theorem 3.2. For each homotopy parameter r € [0, 1], we consider the elliptic equations

— [ =r)di +2rd* ] Au(x) = b(u(x)) — gu(x)v(x), x € Q,

— [ =r)dy + 2rd*]Av(x) = e Tg(u(x))v(x) — pv(x), x € Q, (3.3)

u, =v, =0, x € 90Q2.
Using a similar argument as in the proof of Theorem 3.1, we can find two positive constants,
still denoted by M and M, which depend on d*, dy, da, i, K, b, g, 2, such that any pc&tive
solution of the above equations is bounded by these two constants: M < u(x), v(x) < M for

all x € Q. It is noted that M and M are independent of the homotopy parameter » € [0, 1].
Now, we can regard the solution of (3.3) as a fixed point of the map

e (1 = 8)~ u + [b(w) — gG)v)/I(1 = r)dy +2rd*])
s ( ) ~ ((1 — )7 v+ [T gy — pal /L1 —r)d2+2rd*]})’

which is compact on the function space X = {(u, v) : u,v € c'(Q),u, = v, =00n Q).
Let U be an open subset of X defined as

U={u,v)eX: M/2<ukx),vx) <2M for x € Q},
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such that, for each r € [0, 1], the map F(r) does not possess any fixed point on the boundary
aU. In view of Theorem 3.2, the positive constant steady state (u*, v*) defined in (2.2) is
the unique fixed point of the map F(1) in U. It then follows from the homotopy invariance
of Leray—Schauder degree that

deg(I — F(0),U,0) =deg({ —F(1),U,0) =1. 3.4)

If 7(0) does not possess any heterogeneous fixed point in U, then (u*, v*) is the unique fixed
point of F(0) in U. Linearizing F(0) about the fixed point (u*, v*) gives

r— (Y- A 0 L+ [b'(u*) — g'(u*)v*]/dy —gW*)/d
- 0 (I—-A)""! et (vt /do 1 :

Recall from (2.4) that 0 = §p < &1 < --- are the eigenvalues of —A in 2 with Neumann
boundary condition. For each j € N, we let m; be the multiplicity of §;, and )\f be the
eigenvalues of the matrix '

(VW) =g Wl /dr — 8 —gu)/dy
M/ - ( e‘”g’(u*)v*/dz _ij . (3.5)
Introduce a quadratic function
b/ KN ol (1% ) —ST E AP S
hs) = 82 — (™) — g W 54 ¢ g™)g (u™)v . (3.6)

di didy
It is readily seen that the determinant of M; is h(§;). By a simple calculation, we find that

the eigenvalues of £ — I are )»f/(l +6;) with j = 0,1, ---. According to [14,Theorem
2.8.1], the Leray—Schauder degree for an isolated fixed point has the following expression

deg(I — F(0),U,0) = (-1)" = (—I)ZJ'EJ " 3.7

where y is the number of positive eigenvalues (counting multiplicities) of £ — I, and J is
collection of indices j € N when the matrix M has exactly one simple positive eigenvalue;
or equivalently, either (i) #(8;) < 0 or (i) £(8;) = 0 and 2§; < [b'(u*) — g’ (u™)v*]/d;.
Since g’(u) > 0 for all u > 0 by (Hy), we have 2(0) > 0. If 4(8) does not possess two
distinct positive roots, then J is empty and deg(/ — F(0), U, 0) = 1. Now, we assume that

; 3.8
2d, didr o8

b — g/ \/ T g (v
< .
namely, the quadratic equation /(8) = 0 has two distinct positive roots, denoted by §~ < 7.
We have the following result on the existence of positive heterogeneous steady state.

Theorem 3.3 Assume that g(K) > w and t € [0,7). Let (u*, v*) be the positive constant
steady state defined in (2.2). Assume the inequality (3.8) holds, and denote by §~ < 8+ the
two distinct positive roots of the quadratic function h(8) defined in (3.6). Let 0 = §p < 61 <
-+ be the eigenvalues of —A in Q2 with Neumann boundary condition given in (2.4). The
multiplicities of these eigenvalues are denoted by my, my, - - -. There exist j, k € N such that
8j <87 < djy1 =& < 8t < Syt IfZ;‘zjH my is odd, then system (1.2) possesses at
least one positive heterogeneous solution.

Proof Notethath(8;)) <0if j+1 <l <kandh(§) > 0ifl < jorl > k+1.Forl =k+1,
either (i) £(8;) > 0 or (ii) £(§;) = 0 and 28; > [b'(u*) — g’ (u*)v*)/dy. Forl = j + 1, either
(i) h(8) < Oor (i) h(&) = 0 and 28; < [b'(u*) — g’ (u*)v*]/dy. Hence, the matrix M
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defined in (3.5) has exactly one simple positive eigenvalue if and only if j + 1 <[ < k;
namely, theset J = {j + 1, --- , k}.

Now we assume to the contrary that system (3.1) has no positive heterogeneous solution.
We obtain from (3.4) and (3.7) that

k
1= deg(I = F(0), U, 0) = (=) X" = —1,
a contradiction. This completes the proof. O

To conclude this subsection, we present the following corollary with intervals of d; on
which the positive heterogeneous solutions exist.

Corollary 3.4 Assume that g(K) > u, t € [0,7), and [b'(u*) — g’ w*)v*]/dy € (8, 81+1)

Sfor some | > 2. Assume further that the multiplicity m  is odd for all j < l. We rearrange
the finite set

1
e g (u)g (whv*
b/ ) = g'w)v*ls; —drs? |

in increasing order and denote the elementsasdy | < - -+ < da ;. Then system (3.1) possesses

at least one positive heterogeneous solution ifd, € | (d2.2x—1, d2.2k)-
1<k<l/2

3.3 Steady State Bifurcations

In this subsection, we choose u™ := o to be the bifurcation parameter and investigate the
nonconstant positive steady state bifurcating from (u*, v*) via the method developed in [20].
In addition to g(K) > p and t € [0, T), we shall make the following assumptions:

(So) There exists & € (0, K) such that (29 (u — ) < 0 foru € [0,5) U (G, K].

(u)
(S1) All eigenvalues §; in (2.4) are simpfeufor i >0.

Let (2, 0)7 = (u—u*, v—v*)T, and dropping %, system (3.1) can be rewritten in the abstract
form

dlAu—f—b(u—i—cr)—g(u—i—o)(v—f—ZEZ;)) =0, (o,u,v) e Rt x x

ugu+o) b(o)
dZAU+( 2(0) _M)(v'i'm)

F(o,u,v) = (

where X = {(u,v) :u,v € H2*(Q),u, =v, =0o0n d2}. The Fréchet derivative of F is
diA — (o), —g(a))

g' (o)
ub(o) 200 dr A

where L is the linearization operator at (u*, v*) for (1.2) and

ato) = XD 1) = (o) <@> :
g(o) g(o)

It follows from (Sgp) and (H») that «(0) = a(¢) = 0; «(0) < Oforo € (0,5), (o) > 0
foro > 6;a/(0) = —g’(O)(g)’(O) <0ando/(6) = —g(a‘)(g)”(a‘) > 0. The characteristic
equation of L is

D(“yv)f‘(av 0’ 0) = L(O') = <

A2+ Ti(o)A+ Dij(6) =0, i =0,1,2,---, with
b(o)g' (o)

T;(0) = (di + d)8; + a(0), Di(0) = did28] + drar(0)8; + 2(0)
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Similar to [20, 32], we define steady state bifurcation values o by the condition.

(H) there exists integer i > 0 such that D;(op) = 0, Ti(op) # 0, 420 £ 0 and
g do
Dj(00) # 0, T;(a9) # O for j # i.

The steady state bifurcation curve is defined by the following equation:

b(o)g'(0)

{(0, p) € R} : D(o, p) := did2p” + dra(o)p + ey = Ok
or equivalently,
—dr0(0) £ \[da(q(0)dz — 4dy ) HEND o(0)5(@)
p=p+(0) = 2dvd, 7Q(0)—W~

3.9

Note that D(o, p) has no critical points in ]R2 Thus, the steady state bifurcation curve is a

b(O) - bw) _ b0)
bounded connected smooth curve. Since 20) = IER) 2@ = 70

> 0, it follows from the

profile of « (o) that

q(0)=¢g©@) =0,9(c)>0in (0,5),4'(0) > 0,4'(G) <0,35 € (0,5) s.t. ¢(T) = maxq(o)

Thus, the equation g (0')dy — 4d; i1 = 0 has at least two different roots, denoted by 0~ < o
in (0,7). Hence, p+(c) > Oonly foro € 2o := {0 € [07,07] : qg(0) > 4d1j1/d>}. We
summarize the result on p4 (o) in the following lemma.

Lemma 3.5 Assume that g(K) > u, © € [0,7) and (So) hold. Denote M, := n%in p—(o0),
0
M* = rr)%in p+(0). Let p+(0) and q (o) be defined as in (3.9).
0

(i) There exist 0 < 0~ < o+ < G such that py (o) > p_(o) > 0 for o € X, and
lim pi(o) = —“g;l_), lim pi(o) = —O‘gy). Moreover, the steady state bifurcation
o—0~ I oot 1
occurs only for p € [M,, M*].
(ii) If we further assume that q" (o) < 0 in (0,7), then £y = [0, 0], and the steady

state bifurcation curve {(o, p) € Rz : D(o, p) = 0} is a smooth closed loop connecting
(o™, — a([’ )) and (o, 0‘(”+))

Since 8y = 0, we have Dy(0) > 0 and Ty(o) = a(o) < 0 for o € (0, ). Thus we only
need to find the integer i > 1 such that (H) is satisfied for o € [0 ™, 0 7]. Lemma 3.5 implies
that D;(0) #0in o™, 0 +] if §; € (—o0, M*) U (M*, oo) for any §; € [M,, M*], there
exists at least two olf?], 2 such that D(a ko 3;) = Di(o; k) = 0 with k = 1, 2, and these

afk are possible steady state bifurcation points.

Next, we verify the transversality condition. Substituting p+ (o) into D(o, p) = 0 and
taking the derivative with respect to o, we obtain
D (0}, pi(a’))/d0 dDi(0)/do
b Q2dipr()) +a@) b4 pi(a-s) +a()

phof) =—

If we further assume that ¢” (o) < 0 in (0, 5), then pi(as) £ — ) for U e (c™,0M).

dD’(a ) #Ofora € (o7, ).

Therefore, if pi (ais) # 0, then
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Summarizing the above analysis and using local steady state bifurcation results in
[32,Theorem 3.2], we obtain the existence of the local bifurcation of steady state solutions.
For the global steady state bifurcation, we apply Theorem 4.3 in [20] and further use a similar
argument as in the proof of Theorem 4.4 in [27] to obtain the global existence of steady state
solutions.

Theorem 3.6 Assume that g(K) > pwand t € [0,7), ¢"(0) < 0in (0,0), (So)-(S1) and

(S2) There exist integers k > 1 > 1 such that §;j—1 < My, <& < -+ < & < M* < 8y,
where My, and M™* are defined in Lemma 3.5.

Define {0 € (67,07) : pi(o) =, forinteger] <1 < k} := {ais 1 <i<2k-14+1)}
with decreasing order: 0~ < Uzs(k—H—l) <-.- < 02S < «715
(o)

p’i(ais) #0, 6, # — i, for any integers i, j € [1,2(k — 1 4+ 1)] and n > 1. Then for
integeri € [1,2(k — 1+ 1)],

< o, We suppose that ois #* ois,

(i) there is a smooth curve T'; of positive solutions of (3.1) bifurcating from (o, u, v) =
(O[S, (rl.s, v(crl.s)) with T; € Q;, where Q; is a global branch of positive solutions of
(3.1), and v(o) = %2,

(i) near (o,u,v) = (65,075, v(c)), Ti = {(0;(w), u; (W), v;(W)) : w € (—¢, €)}, where
ui(w) = 0’ + wa;g; (x) + wiyrn (W), v; (W) = 05 + whig; (x) + Oy ; (w) for some
smooth functions o;, Y¥1.i, ¥2,; such that 0;(0) = ol.s, Y1,i(0) = ¥2,;,(0) = 0 and
(ai, bj) satisfies L(a)[(a;, bi)T i (x)] = (0, 0)7;

(iil) either Q; contains another (GjS, o/.S, v(ajs))for integer j € [1,2(k—1+1)]and j # 1,
or Q; is not compact. '

4 Hopf Bifurcation Analysis

In this section, using the delay v > 0 as the bifurcation parameter, we analyze patterned
solutions of (1.2) bifurcating from the positive constant steady state («*, v*), which include
spatially homogeneous and nonhomogeneous periodic orbits. In the sequel, we assume that
g(K) > u, T €[0,7), (A1) and (Sy) hold, which implies that the local stability of (u*, v*)
for system (1.2) without delay.

4.1 Existence of Hopf Bifurcations

To identify Hopf bifurcation value 7*, we study the existence of a pair of purely imaginary
eigenvalues of (2.6) for some t* > 0. Recall from Sect. 2, a pair of purely imaginary
eigenvalues exist only if F,(w, 7) in (2.9) has positive zeros for some integer n > 0. We
know that F,(w, ) = 0 has a unique positive root if and only if p, 0 < gn,o for integer
n > 0. Clearly, Fp(w, 7) has exactly one positive root wq if and only if

B1) : g' (™) /g™) < 2b"w*)/b(u").

To ensure the existence of positive zeros of F, (w, t) for some integer n > 0, we assume that
(B)) is satisfied in this section.
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If pro < qn,o for some integer n > 0, the implicit function theorem implies that there
exists a unique C' function

172
wn (1) = <[q,f,1 +2pn0 — Ppy + \/(p,zl,l —2pu0—qp )% —4ph oy — q,f,o)} /2>
such that F,, (w, (1), t) =0 for t € [0, 7). Set
I, = {t :0 <1 <7 satisfies pp.0 < gn.0}- 4.1

It follows from (B1)-(S;) that there exists a integer N1 > 0, such that Iy, # @, I, = 0
forn > Ny +1,and Iy, C Iny—1 C --- C Iy C Iy. Foriw,(t) to be a purely imaginary
eigenvalue of (2.6), w, (t) needs to satisfy the system

©n(— O} + P 1Gn0 + 1Pn0)

sin(w, (1)7) = = gn,1(7),
1ol +4qy

) 4.2)
(gn,0 + P 1)W; — Pn,0qn,0

= gn,2(7),
Wi + ‘13,0

cos(wy,(T)T) =

for integer n > 0. For t € I,,, let 6,(7) be the unique solution of sin 6, (t) = g,,1(r) and
c0s 0, (t) = gn.2(7) in (0, 21], that is,

6,(z) = {arCCOSgnJ(T)a if W(T) < Pu,o + Pu1dn0/ ks
" 27 — arccos g, 2(), if @y (t) = puo + Pa,1qn0/ -
According to Beretta and Kuang [2], we define
Sf;(r) = twy (1) — (0 (r) + 2kmr) for v € I, withinteger k > 0. (4.3)

One can check that, for integer 0 < n < Nj, fiw,(t,;) are a pair of purely imaginary
eigenvalues of A, (A, ) = 0if and only if 7, is the zero of Sﬁ (7) for some integer k > 0.
Obviously, for integer 0 < n < Np, we have S,’f(r) > Sﬁ“ () for T € I, and integer k > 0;
when 7 = 0, the asymptotic stability of (u*, v*) implies that Sg (0) < 0. Denote

T, = supl, :=sup{r : 0 < t < T satisfies p,.0 < ¢n,0} forinteger 0 <n < N;. (4.4)
Note that lim (po,0(t) — qo,0(t)) > 0, and p, 0 — gn,0 is increasing w.r.t n, which implies
T—>T

that 7, < T, T, is decreasing w.r.t n, and po.o(T,) — q0.0(T,) = 0. Hence, w,(r) — 0 as

7 — T, . This, together with (4.2), yields lim sinf,(r) = 0 and lim cos6,(r) = —1.
T, =T,
Thus we have liI‘Ll_ 0,(t) =, and liI‘Ll_ S,’j(r) =—Qk+1m <O.
T—>T, T—>T,

Note from (2.9) that F,, is an increasing function of w and §,. Consider w, as a function
of 8,. It follows from implicit differentiation that w;, < 0. In particular, w;(t) > w;11(7)
forany 0 < j < Ny — land 7 € /;. Next, we observe from (4.2) that

2
qn,08n,2 — MWpg&n,1 = Wy, — Pn,0> Yqn,08n,1 + U®Wngn2 = WnPn 1,

where g, 1 = sin6, and g,.2 = cos8,. We regard py.0, gn.0, Wn, 0, as functions of §, and
take derivative on both sides of the first equation. It follows the second equation that

I

—2wpwy, + Pl o+ 4,0 C08 0y — pwy, sinb,  —2wuwy, + p), o+ Gy COs b, — puw), sinby
qn,0 sin 6, + pwy, cos G, Wy Pn,1

Recall that the assumption (Aj) implies p, ;1 > w and the assumption (B) implies g,.0 >
pn.o > 0. Hence, we have g, 0 sin 6, = w,(py,1 — ncosb,) > 0 and sin6, > 0. Moreover,
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we obtain from (2.7) and (A) that p,/LO > |q;l’0| > —¢n.0 cos B,. Combining these results
gives 0, > 0. In particular, ;(t) < 6;41(r) for T € I;4i. Finally, it follows from the
definition of S (7) in (4.3) that S| < Sk for T € I,11.

From [2,Theorem 2.2], we obtain

. (dRei(r) . (0F, _ (dSk(h)
Sign <T|,=¢> = Sign (5(0),, (), T:)) Sign (% .

Note that 33% > ( for any integer n > 0. To summarize, we have the following lemma about

the property of S,’j (7) and the transversality condition.

Lemma 4.1 Assume that g(K) > 11, T € [0,7), (A1), (B1) and (S1) hold, let S¥(t), %, and
An (A, T) defined in (4.3), (4.4) and (2.6), respectively.

(i) Forintegers0 <n < Nyandk >0, S)(0) <0, lim Sf(z) <0, Sk(z) > Sk*1(2) for

T—T1,
any t € I, and S§+1 < S,’fforr € lyq1.
(i1) Suppose that for some integers ) < n < Nyandk > 0, S,Ij(t) has a positive root T,0 € I,
then a pair of simple purely imaginary roots £iw, (7)) of Ay (A, T) = 0 existat v = 1,}
and

Sign (Rex () = Sign (i (5 /d ).

Moreover, this pair of purely imaginary roots tiw,(z,) cross the imaginary axis from
left to right at T = ©,* if (SK)'(¢,*) > 0, and from right to left if (S)'(z*) < 0.

If sup S8(1') < 0, S,’j(r) has no zeros in [, for all integers n € [0, Ni] and k > 0.
tely
This precludes the existence of purely imaginary eigenvalues and thus yields that (z*, v*) is
locally asymptotically stable for all T € [0, 7).
If sup Sg(‘t) =0, Sg (1) has a zero of even multiplicity in Iy, denote by t*, such that
tely
d S8 (*)/dt = 0. This, together with Lemma 4.1(ii) implies that the transversality condition
at t* is not satisfied and all eigenvalues remain to the left of the pure imaginary axis. Hence,
(u*, v*) is still locally asymptotically stable for T € [0, T).
If sup Sg () > O, it follows from Lemma 4.1(i) that Sg () has at least two zeros in Ij.

tely
For simplicity, we assume that

(By) sup Sg (r) > 0 and Sﬁ (7) has at most two zeros (counting multiplicity) for some
tely

integers n € [0, N1] and k > 0.

Assumption (B;) ensures that there exists a integer N» € [0, N;] such that, for any integer

n € [0, N>], there exists a integer K, > 1 such that each Sfl (7) has two simple zeros
(denoted by ‘c,’; and ‘L',%K"_I_l) for integer 0 < i < K, — 1, and has no zeros for i > K.

Hence, Lemma 4.1(i) implies that, for integer n € [0, N3], there are 2K, simple zeros 7!

1 2 2K,—1

of S,’;(r) for all integer k > 0 and 0 < ‘L',(l) <T, <T, <. <T, < T,,. Moreover,

Lemma4.1(ii)leadstod S’ (t})/dt > 0andd S2%" ' (1) /dt < Oforeach0 < i < K,—1.
If we further have r,’; * 7 and r,%K”fifl # 1, for all integers m € [0, N2],m # n,
j €10,2K,, — 1], then a pair of simple conjugate purely imaginary eigenvalues i, (z})
cross the imaginary axis from left to right, and a pair of simple conjugate purely imaginary

eigenvalues +iw, (r,% K"—l_l) cross the imaginary axis from right to left. Now, we consider
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the collection of all r,’; with integers (n, i) € [0, N2] x [0, K,,]. If a value appears more than
once in the collection, then there are at least two pairs of purely imaginary roots and thus
the condition of Hopf bifurcation is violated. For this reason, we only keep the values which
appear exactly once in the collection and rearrange them in increasing order. Denote the new
set by

Ny
2H={rl-H:Osi§2K—1}WithaintegerO<KSZKj. 4.5)
j=0

Obviously, t({{ and 721112—1 are the two simple zeros of Sg (1), system (1.2) undergoes a Hopf
bifurcation at (u*, v*) when t = ‘Cl-H for each 0 < i < 2K — 1. Furthermore, (u*, v*) is
locally asymptotically stable for t € [0, t({i )Y, (7:21}’(_1 ,7), and unstable for t € (¢/7, 7:2 K_1)-
To summarize, we have the following results on the stability of («*, v*) and the existence of
Hopf bifurcation.

Theorem 4.2 Assume that g(K) > u, t € [0,7), (A1)-(S1) hold, let I, S,’;(r) and
Ty, defined in (4.1), (4.3) and (4.5), respectively. Denote Z(l)q ={t € Xy : S(’)‘(t) =
0 for some integer k > 0}.

(1) If either Iy = & or sup Sg(r) < 0, then (u*, v*) is locally asymptotically stable for

tely
T €[0,7).
(ii) If (B1)-(B2) hold, then there exist exactly 2K local Hopf bifurcation values, namely,
0 < tOH < rlH < < 7"21-;(71 < T. (u*,v*) is locally asymptotically stable for

T € [0, ‘L’OH) U (tg(fl,ﬂ, and unstable for T € (‘EOH, tg(fl). Moreover, the bifurcating
periodic solutions from t € Eé{ are spatially homogeneous, which coincides with the
periodic orbits of the corresponding ODE system, and the bifurcating periodic solutions
fromt € X H\Eéi are spatially nonhomogeneous.

4.2 Global Hopf Bifurcation Analysis

Theorem 4.2 states that periodic solutions can bifurcate from e* = (u*, v*) when 7 is near the
local Hopf bifurcation values rl.H € X y. In this subsection, we study the global continuation
of these local bifurcating periodic solutions via the global Hopf bifurcation theorem [31].
Let z(1) = (z1(t), 22(t)T = (u(-, 1) — u*, v(-, 1) — v*)T. System (1.2) can be rewritten
as a semilinear functional differential equation

() =Azt)+ F(z,©. T), (t,7,T) e Ry x [0,7) x R, (4.6)

where z; € Y := C([—1, 0], X2) with z;(0) = z(t + 6) for 6 € [—1,0], A = diag(rd; A —
T, Tdo A — T), and

ey = ((TP@ O + %) = 78(11(0) + 1) (220(0) + ") + Tz (0)
! Te T g(z1 (= 1) + u*) (22 (1) + v¥) — Tpv*

Let {T(t)},zo be the semigroup generated by the operator A with Neumann boundary con-
dition on 2. Then, we have T'(t) — 0 as ¢t — co. Furthermore, the solution of (4.6) satisfies
the integral equation

t
2(t) = T(1)z(0) + / Tt —s)F (z,)ds. 4.7)
0
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Denote z(¢) as a periodic solution of (4.7) with period y, we obtain

~ f+)/ ~ ~
20 = 2 + ) = Tt + 1)20) +/ Tt +y — ) Fods
0

t
= T(z+y)z(0)+/ T (1 — 5)F(zy)ds.
-V

By using the above equation repeatedly, we have

t
z(t) =Tt 4+ ny)z(0) +/ T(t —s)F(zs)ds.
—ny
Letting n — o0, note that T(z + ny)z(0) — 0 as n — oo, then the above equation is
equivalent to

t
2(1) = / T(t — s)F(zy)ds. (4.8)
—00

Thus, a periodic solution of (4.8) is also a periodic solution of (4.7). It follows from
[30,Chapter 6.5] that the integral operator on the right-hand side of (4.8) is differentiable,
completely continuous, and G-equivariant. Theorem 3.2 implies that e* is the unique posi-
tive steady state solution of (1.2) when min{d;, d»} > d*. The condition(A) ensures that
0 cannot be an eigenvalue of (2.6) for any v > 0, which implies that the assumption (H1)
in [30,Chapter 6.5] holds. It follows from Theorem 4.2 that, when 7 = riH for some integer
i € [0,2K — 1], the characteristic equation (2.6) has exactly one pair of purely imagi-
nary eigenvalues ﬂ:iwn(tiH ) for some integer n € [0, N2]. Hence, the assumption (H2) in
[30,Chapter 6.5] holds. It can be checked easily from (2.6) and (4.6) that the smoothness
condition (H3) in [30,Chapter 6.5] is also satisfied. According to the definitions in [30], we
define the local steady state manifold

M= {(e*,7,T): |t — 1| <€, IT — 21/ (wu(z/)7{)] < &2} C X* x R,

for sufficiently small €1, €5 > 0. For (7, w) € [‘Cl-H —€, tiH +e1] % [wy (riH) — €2, Wy, (‘L’iH) +
6], iw, (riH) is an eigenvalue of (2.6) if and only if T = riH and v = w, (tiH). Thus, we
conclude that (e*, riH , 21 [ (wp (t[H )‘Cl-H )) is an isolated singular point in M. Furthermore, it
follows from Lemma 4.1(ii) that the crossing number ¢ (e*, T,.H , 21 [ (wy, (riH )riH )) at each of
these centers is

—-1,0<i<K-1,

(e, Tt 27w (t)rH)) = —Sign (Rek’(tiH)) = { ki okt

Thus the condition (H4) in [30] holds. Next, we define a closed subset I" of X 2% Ri by
T= Cl{(z,t,T) € X% x Ri : z is a nontrivial T-periodic solution of (4.6)}.

For each integer 0 < i < 2K — 1, let P(e*, ‘L’iH , T;) be the connected component of
(e*, riH ,T;)in T. Theoiem 4.2(ii) gives the sufficient conditions to ensure that P(e*, ‘L’iH ,T7)
is nonempty subset of I".

Before we state our results on global Hopf bifurcation branches, we shall further investigate

the properties of periodic solutions of (4.6).

Lemma 4.3 Assume that g(K) > u and © € [0,7), then all nonnegative periodic solu-
tions (u(x,t),v(x,t)) of (4.6) are uniformly bounded, namely, n < u(x,t) < K and
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n < vx,t) < K+ [r(r)w}(x] b(u)/w for all (x,t) € Q x R4, where 1 is defined in Theo-

rem 2.4. ,

Proof Weclaimu(x,t) < K forall (x, ) € QXR+. Otherwise, if there exists (x1, ;) € £ x

R4,suchthatu(xy, 1) > K,then lim u(xy, t1+nT) = u(xy, t;) > K,where T is the period
n—o0

of the periodic solution (u(x, t), v(x, t)). This contradicts the fact that limsupu(x,t) < K

11— 00
for all x € Q in Proposition 2.1. Hence, K is a uniform upper bound of u(x, ¢). Similarly,
we can prove v(x, ¢) has a uniform upper bound K + [r(r)lz}(x] b(u)/p from Proposition 2.1, and

u(x,t), v(x, t) have a uniform lower bound 5 from Theorem 2.4. This ends the proof. O

Lemma 4.4 Assume that g(K) > u, T € [0,7), and

(B3) o9 < u* < K, where oy € (0, K) is the unique positive root of b(u)/g(u)

b'(0)/4'(0), & € [0, K] such that (bﬁi;) —3) <O0forucl0,Klandu #75.

Then system (1.2) has no nontrivial periodic solution of period t. Moreover, (u*, v*) is
globally asymptotically stable of system (1.2) when T = 0.

Proof Assume to the contrary, (u(x, t), v(x, t)) is a nontrivial periodic solution of (1.2) with
period 7, thatis, (u(x,t — 1), v(x,t —1)) = (u(x, 1), v(x, t)). Then it satisfies the following
system

ou/ot = diAu+bw) —gw)v, x € Q,t >0,

v/t = dyAv+e*Tguw)v — puv, x € Q,t >0,

u,=v, =0, x €ed,r>0,

u(x,0) =up(x,0) > (50, v(x,0) = vo(x,0) > (50, x € Q.

(4.9)

For ¢ = (¢1, ¢») € C(Q, R? <), we define a Lyapunov functional L : C(Q, R2 ) —R,

Ly(¢p) = / (e’”/ 1 Md@ + (¢ —v*1n ¢2)) dx
Q u*

8(0)
Calculating the time derivative of L, (¢) along the solution of (4.9) leads to
dL, - b(u)  bu*) () LVl
== =/ (e T(g(u) — g(u* ))( ) —ayuf v ) dx.
dt Q gu) g g2 (u) v
Note that (B3) implies that (ZE’;; ZE’;:;) (u — u*) < 0 for u # u*. This, together with

g (u) > 0 for u > 0, yields that
b(u)  bu®)
gu) g

Thus, dLL,/dt < 0 for all (u(x, 1), v(x,t)) € C(Q, R2 <). The maximal invariant subset of
dlL,/dt = 0 is the singleton {(u*, v*)}. By LaSalle- Lyapunov invariance principle, (u*, v*)
attracts every positive solution of (4.9). This precludes the existence of nontrivial nonnegative
periodic solution of system (1.2) with period . O

(g(u) — g(u ))< ) < Oforu # u*.

Remark 4.5 The assumption (B3) is satisfied for many commonly used functions b(u) and
g(u), forinstance, when b(u) = ru(1 —u/K) is the logistic growth and g(u) = Bu is a linear
function. A sufficient condition for (B3) to hold is that the ratio () /g () is non-increasing
in [0, K].
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Theorem 4.6 Consider model (4.6) with g(K) > u, T € [0,7), and min{d,, dp} > d*.
Assume that (S1) and (B1)-(B3) hold. For each 0 < i < 2K — 1, we define riH € Xy
and d* as in (4.5) and Theorem 3.2, respectively. Denote E% ={r € Xy : S,?(r) =
0 for integer n € [0, N2]}. Then we have the following results:

(i) For each er € Sy\XY, there exist integers kj € [1,K;land n; € [0, N2] such that
Sﬁj (tJH) = 0. Moreover, the global Hopf branch P(e* H ,T)) is bounded If m e
[0,2K — 1] is another integer with k,, # k;, then P(e*, T T ) NPee*, ot Ty = 0.

(i) For each ‘cj S ZH\ZO withl < j < K — 1, there exzsts an integerl € [K 2K — 2]

such that S (‘L') has exactly two distinct zeros 1.'] and rl Moreover, the two global
Hopf branches P(e*, j , Tj) and P(e*, ‘L’l , T1) are identical and connected by a pair
of Hopf bifurcation values ‘L']H and rlH . Foreacht e (¢7, rlH ), model (4.6) has at least

.. . . .o 1 1
one periodic solution with period in (m, k—j).

Proof Lemma 4.4 implies that system (4.6) does not have nontrivial nonnegative periodic
solutions of period 1, nor does it have nontrivial nonnegative periodic solutions of period
1/n for any integer n > 1. If t is sufficiently close to the bifurcation point T ]H we obtain
from local Hopf bifurcation theorem that Wn; T € (2kjm, 2k + 27). Note that the period
T; —271/(w,, 7). Thus, we have 1/(k; + 1) < T, < 1/k;j fork >landT; > 1fork; =0.
If kj > 1, since system (4.6) has no nontrivial perlodlc solutlon of perlod 1 /kj nor 1 /(k +
1), by continuity of Hopf bifurcation branch, the periods on P(e*, ] , T}) are bounded in

(ﬁ k%-)' Lemma 4.3 implies that the global Hopf branch P(e*, ‘L'jH , T}) has bounded -

components and bounded solutions. Thus, the global Hopf branch P(e*, t jH , T}) is bounded
whenk; > 1.Ifk; = 0, asimilar argument shows that the periods on P(e*, T /H , Tj) are always

greater than 1. Therefore, any two global Hopf branches P(e*, o T;) and P(e*, rlH , 1)
with k; # k; do not intersect. This proves (i).

Lemma 4.3 gives the uniform lower positive bound of the nontrivial periodic solution of
(4.6). Theorem 3.2 precludes the existence of nonnegative heterogeneous steady states of
(4.6) when min{d;, d»} > d*. Thus, we do not need to consider the boundary equilibrium.
An application of the global Hopf bifurcation theorem in [30,Chapter 6.5] together with an
argument similar to that in the proof of [21,Theorem 2] gives (ii). ]

Note that if the periods of any nontrivial periodic solutions of system (4.6) are bounded,
then the global Hopf branch P(e*, © ] , T}) is bounded for each e ZO We leave the proof
of upper boundedness of the periods of any nontrivial periodic solutlons of (4.6) as an open
problem.

5 Numerical Exploration

In this section, we use numerical exploration to illustrate our theoretical results on the model
dynamics. Following an earlier work in [8], we choose the growth function of the prey as
b(u) = ru(l —u/K) and the predator functional response as g(#) = cu/(1 + u). According
to Theorems 2.2, 2.3 and 4.2, the stability region of system (1.2) in the ¢ — 7 space can be
plotted in Fig. 1. We choose the domain 2 = (0, 27) and the parameter values as follows.
di=1,dy=1,r =08, K =3,c =1,5s = 0.6, v = 0.2. A simple calculation gives
T =2.2029, sup Iy = 1.7418 and sup I} = 0.4576. We further obtain that supy, S8(‘L') > 0,
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Fig. 1 The stability region of (1.2) in the ¢ — 7 space

supy, S(% (r) <0, supy, S?(r) < 0, and Sg(r) has exactly two zeros in Ip: r({l = 0.7725 and
‘L’IH = 1.6522. The dynamics of system (1.2) are summarized as follows:

(i) If T € [T, 00), then (K, 0) is globally asymptotically stable; see Fig. 2(a).
(i) Ifr € (0, r(f" yu (‘L']H ,T), then (K, 0) is unstable, and (u*, v*) is locally asymptotically
stable; see Fig. 2(b).
(i) Ift € (r({{, rlH), then (K, 0) and (u*, v*) = (1.9764, 0.8124) are unstable. Moreover,
there exists a periodic solution bifurcation from (u*, v*); see Fig. 2(c). System (1.2)
undergoes a Hopf bifurcation at (u*, v*) when t = rl.H fori =0, 1.

Theorem 3.3 gives sufficient conditions for the existence of positive heterogeneous steady
states. Set the parameter values in Fig. 3, we calculate §~ =~ 0.031, §* &~ 1.06, and §; =
i%/36 € (6, 8F) for integer i € [2, 6]. Thus, there exists five simple eigenvalues of —A in
Q with Neumann boundary condition in the interval (§~, §*). It then follows from Theorem
3.3 that system (1.2) has at least one positive heterogeneous solution (u(x), v(x)), as shown
in Fig. 3. To illustrate the steady state bifurcation at («*, v*), we set the domain Q = (0, 27)
and the parameter values: dy = 1,d, = 3,r =1, K = 11.9,¢ = 2, u = 0.3. We choose
o= % as the bifurcation parameter by varying parameters s and . Then §; = i2/4
for integer i > 0 and

0(0.1680 —0.916)

T(o,p)=4p+

’

1+o
30(0.1680 —0.916)  0.3(1 —0/11.9)
D(o.p)=3p* + I+o p l+o0

As shown in Fig. 4, the equation D(o, é1) = 0 has two different roots: 015 = 1.4 and
025 = 2.763, and the equation D(o, ;) = 0 has no real roots for j # 1 and j > 0.
We further compute p/, (o) = 0.2317 > 0 and p/ (05) = —0.09037 < 0. According
to Theorem 3.6, there are two steady state bifurcations, corresponding to the steady state

bifurcation values ols , 02S , respectively.
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(a) T =3>7,(3,0) is globally asymptotically stable. (b) T=2¢€ (r{1,7), (u*,v") is locally asymptotically stable.

1.07

% 1.06 -

>

100
Space x 0o Time t Space x 0o Time t

(c) A periodic solution bifurcated from (u*,v*) for 7 = 1.64 € (7', 7{7).

Fig.2 The dynamics of system (1.2) for different delay. Initial conditions for (a) are ug(x, ) = vo(x, 0) =
1+ 0.01 cos x, for (b) and (c) are ug(x, #) = u* + 0.01 cos x, vy(x, @) = v* +0.01 cos x for 6 € [—1, 0]

1.4

Space x

13

1.2

11

50 0 50 100
Time t Time t

Fig.3 Projection of the heterogeneous positive steady state (u(x), v(x)) on x — ¢ plane. Parameter values are
d1 =05,d)y=0.02,r =65,K=28,c=6,s =10, u = 1074 t=1andQ = (0, 67)

To demonstrate the coexistence of multiple global Hopf branches, we choose the domain
Q = (0, 27r) and a different set of parameter values:

di=1,dy=2,r=10,K =3,c=15,5s =0.05, u = 6.75. (5.1)
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0.4

steady state bifurcation

0.3

025F===mmmmmfm e N EEEEEEEEES
p=0,

0.1

Fig. 4 Graph of D(o,p) = 0, T(0,p) = 0,and p = n2/4 for integer n > 1. This gives steady state
bifurcation values 015 and rrég

15

Fig. 5 The graphs of S,’; for integers 0 < n, k < 2. This gives the Hopf bifurcation values ‘[JH for integer
0<j<11

It follows from Sect. 4 that sup Ip ~ 4.68, sup I} ~ 4.31, sup Il ~ 2.98, and I, = ¢ for
n > 3. By Theorem 4.2, there are exactly 12 Hopf bifurcation values, namely,

W ~020<tff 2027 <tf 2031 <tff ~1.52 <1/ ~ 1.70 < o ~2.89
<t ~349 <t ~397 <1l 2412 < 1fl 430 < 1/l ~4.63 < tfl ~ 4.68,

as shown in Fig. 5. Theorems 4.2 and 4.6 imply that (z*, v*) is locally asymptotically stable
for T € [0, T(f{) U (rﬁ,?), and unstable for T € (‘COH, rf{); and model (1.2) has at least
one periodic solution for 7 € (rOH , tlbl' ). Moreover, the bifurcating periodic solutions from
T € {r[fl , r3H , t6H , ‘L’7H , rl%, t{'{ } are spatially homogeneous, and the bifurcating periodic

solutions from 7 € {rIH , r2H s 1:4H R ‘C5H R r{l s 1:9H } are spatially nonhomogeneous, see Fig. 6. It

@ Springer



Journal of Dynamics and Differential Equations

N

’ 15
- 1
05

Space X Time t Space x 0 o Time t

Fig. 6 Left: T = 0.264 € (¢f7, rlH ), a bifurcating spatially homogeneous periodic solution exists. Right:
t=136¢ (‘L’lH , 13H ), a bifurcating spatially non-homogeneous periodic solution exists

5

Space x 0 o Time t Space x [ ) Time t
(a) A stable spatially homogeneous periodic solution (b) A stable spatially heterogeneous periodic solu-
exists with a small delay 7 = 0.1. tion exists with a mediate delay 7 = 1.
1.42
1.45 25
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14 ’ 2
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i: 1.35 P 1
El 1.36 il 15
1.3 il il
134 S0 i 1
125 i
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1.32
e &
A8 100
Space x ) Tlmet Space x 0 o = Time t
(C) The positive constant steady state is stable with (d) (3,0) is stable if the delay is too large 7 = 20.

a large delay 7 = 5.

Fig. 7 Time delay induces different dynamical behaviors for the nonlocal model (1.1) with the truncated
normal density function K (x, y)

is also verified by numerical simulations that the periods of the periodic solutions for (1.2)
are bounded. It then follows from Theorem 4.6 that all global Hopf branches are bounded
and connected by a pair of Hopf bifurcation values.

To consider the combination impacts of nonlocal interaction and time delay on the model
dynamics, we choose the nonlocal kernel function as the density function of the truncated

@ Springer



Journal of Dynamics and Differential Equations

normal distribution:

2
o2l

YN

er [x=yl dy

Itis clear that fQ K (x, y)dy = 1 and foreach x, K (x, y) achieves its maximum at y = x. The
other parameter values are chosen as in (5.1) and the domain 2 = (0, 37r). Numerical simu-
lation suggests that the spatially homogeneous time periodic solution is stable for small delay
v = 0.1 (Fig. 7(a)), the spatially heterogeneous time periodic solution exists and is stable for
mediate delay © = 1 (Fig. 7(b)), while the positive constant steady state is stable for large
delay T = 5 (Fig. 7(c)). However, if the time delay exceeds the critical value In(g(K)/u)/s,
then the solution converges to the predator-free steady state; see Fig. 7(d). It seems that the
nonlocal interaction in the delayed term can induce more interesting dynamics than the local
model. Due to the lack of available analytical techniques, we leave the theoretical analysis
of the nonlocal model with time delay as future work.

K(x,y) =

6 Concluding Remarks

We investigated a general diffusive predator—prey system with predator maturation delay
in this paper. This model generalized many models studied in the literature and our theo-
retical results extended the global dynamic results obtained for the models without delay.
Under certain conditions on model parameters, we obtained global asymptotic stability of
the predator-free equilibrium and uniform persistence of solutions. With the aid of Leray—
Schauder degree theory, we proved the existence of a spatial heterogeneous steady state. We
also analyzed steady state bifurcation and Hopf bifurcation. Global Hopf bifurcation analysis
was further conducted to show that global Hopf branches are bounded and connected by a
pair of bifurcation points. There is an open problem in global Hopf bifurcation analysis: to
prove that the periods of any nontrivial periodic solutions of system (4.6) are bounded.

Our theoretical results are illustrated by numerical simulations. We compared the dynamics
of the local model to those of the nonlocal model. Clearly the nonlocal interaction in the
delayed term leads to more exciting dynamics. However, rigorous analysis is not feasible
yet, and we leave this as an open problem for future development of new mathematical
techniques.
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