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1. Introduction
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qux,t)  dur(x,t)
=d
at ox2

+ru@x, 0 f(ux,t—1)), x€(0,1), t>0,
u,t)=ud,t)=0, t>0, (1.1)

where d > 0 is the diffusion coefficient, T > 0 is the time delay, and A > 0 is a scaling constant;
the spatial domain is the interval (0,[), and Dirichlet boundary condition is imposed so the exterior
environment is hostile. We consider Eq. (1.1) with the following initial value:

u(x,s) =n(x,s), xel[0,l], se[-r,0], (1.2)

where n € C d:EfC([—r, 0],Y) and Y = L2((0, 1)). This particular form of the equation arises from the
study of population biology models, and the nonlinear function f is the growth rate per capita (see
e.g. [4,29]). In (1.1) the growth rate per capita depends on the historical population density, which
occurs naturally for many populations. Such population models with dispersal and delay effect have
been studied with proper choices of f (see e.g. [7,23]).

We consider two types of growth rates per capita: the logistic growth (with f decreasing) or
weak Allee effect growth (with f initially increasing from a positive value then decreasing). Logistic
growth is well known, and it mainly models the crowding effect of the population. Logistic growth
is also widely utilized by biologists and scientists in other research fields. While the most popular
choice of the logistic growth function f is f(u) =a — u, others have also been used (see below or
[4,29] for other examples). On the other hand, Allee effect describes the phenomenon that for smaller
populations, the reproduction and survival of individuals decrease, see more detailed discussions in
[1,4,29,35]. Weak Allee effect growth function f is always positive, while in the strong Allee effect,
there is a critical density below which the growth is negative. The reaction-diffusion model without
delay effect but with logistic growth or Allee effect has been considered in [29], see also the recent
survey [25].

The goal of this paper is to determine the long time dynamical behavior of the system (1.1)-
(1.2). We employ the method applied by Busenberg and Huang [3] to investigate the stability of
the steady state solutions and Hopf bifurcation near the spatially nonhomogeneous positive steady
state solution for model (1.1)-(1.2). In the present paper, we define the Hopf bifurcation to be forward
(resp. backward) if the periodic solutions exist for parameter values in a right-hand side neighborhood
(T4, T« + &) (resp. left-hand side neighborhood (t. — €, T4)) of the bifurcation value t,. There are
only a few discussions about Hopf bifurcation near the spatial nonhomogeneous positive steady state
solution, because the analysis of the characteristic equation is difficult [3,26,44]. Define A, = d(%)z.
Our main results for the logistic growth case can be summarized as follows:

(i) If A < A, then the zero solution is the global attractor of all nonnegative solutions to Eq. (1.1) for
any 7 > 0.

(ii) For any fixed A satisfying 0 < A — A, < 1, Eq. (1.1) has a positive steady state solution u, and
there is a constant 7p such that u, is locally asymptotically stable when 7 € [0, 7o) and is un-
stable when T € (Tg, 00). Moreover, there exists a sequence of values {7;};°, such that Eq. (1.1)
undergoes a forward Hopf bifurcation at the positive steady state solution u = u; when 7 = 1.

The results tell us that the direction of the Hopf bifurcation is independent of d and [, and is always
forward. Similar results hold for weak Allee effect case, see details in Sections 5 and 6.
As an example, we apply the main results to the “food-limited” population model:

dux,t)  dul(x,t 1—uxt—1
ux n _ oux )—i—ku(x,t)L, xe(0,7), t>0,
ot 9x2 1+culx,t—1)
u,t)=u(r,t)=0, t=>0. (1.3)

The existence and stability of positive steady state solutions and the existence of forward Hopf bi-
furcations from the positive steady state solution for Eq. (1.3) are obtained. We notice that the
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food-limited model is of logistic growth type. Similarly, we can apply the results to the diffusive
Hutchinson equation, which have been obtained in Busenberg and Huang [3]. Our results for the
weak Allee effect case appear to be completely new.

Our analysis follows the lines of Busenberg and Huang [3], but we consider the problem in a more
general setting. We show that the basic framework of [3] works for more general cases even the weak
Allee effect one, but the generalization is non-trivial as calculations for general nonlinearities are
much more difficult. Numerical simulations suggest that similar bifurcations occur for steady states
away from bifurcation points as well, and it is an interesting open question how that can be proved.
Other studies on steady states and bifurcation of delayed reaction-diffusion models can be found in
[7,8,11,12,18-20,22,27,31,33,34,42,43].

The rest of this paper is organized as follows. In Section 2, the eigenvalue problem is investigated.
In Section 3, we describe the stability of the steady state solutions. The existence of forward Hopf
bifurcations is established in Section 4. In Section 5, we consider the weak Allee effect case, and in
Section 6 we discuss the global dynamics and present some numerical results motivated by our the-
oretical studies, and in particular we apply the general results to a “food-limited” population model.

Throughout the paper, we use standard notation L2, H¥, Hg for the real-valued Sobolev spaces
based on L? spaces, and the underlying spatial domain is always the interval (0,). Moreover we
denote X = H> N HJ, Y =1? and, for any subspace Z of X or Y (including X and Y), we also define
the complexification of Z to be Z¢ :=Z ®iZ = {x1 +ixy | X1, X2 € Z}. For the complex-valued Hilbert
space Y¢, we use the standard inner product (u, v) = fé u(x)v(x)dx. We also use Cc =C @ iC.

2. Eigenvalue problems

In this section we study the existence and properties of the positive steady state solutions of
Eq. (1.1), which satisfy the following boundary value problem

d%u(x)
dx?

+ru) f(ux) =0, xe(0,),
u(0)=u()=0. (2.1)
In Sections 2-4, we always assume the following assumptions:

(A1) There exists § > 0 such that f is a C* function on [0, §].
(A2) f(0)=1, and f’(u) <O for u €0, §].

It is well known that
Y = A4 (dD? + 1) ® Z(dD? + 1),
where

2
p2= N (dD? + 1) = Span{siﬂ<%(')>}

ax2’

and

I
R(dD? + 1) = {y ey: <sin<%(~)>, y> =/sin<n7x>y(x)dx= O].
0

Now we give a result on the existence of positive steady state solutions as follows.
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Theorem 2.1. There exist A* > A, and a continuously differentiable mapping A — (&, o) from [A, A*] to
(XN Z(dD? + 1)) x RT such that Eq. (1.1) has a positive steady state solution given by

uy = (A — M)[sin(%(-)) + (- A*)é)\}, A€ [hy, AF]. (2.2)
Moreover,
= Jysin?(Frydx
a A f1(0) f(; sin3(”7x) dx

and &,, € X is the unique solution of the equation

(dD2 + A*)S + [l + A0z, f1(0) sin(%(-))} sin(%(-)) =0, <sin(%(~)>, .§> =0.

Proof. Since dD? + A, is bijective from X N Z2(dD? + 1,) to Z(dD? + i) we know that &, is well
defined. Let m: X x R x R— Y x R be defined as

mE, a,A) = ((dD2 + he)E + sin(%(-)) + (A — A)E

. (T . (T

where
fl@A—=r)Isin(F ()N+0—r0ED-1 .
mi(E, o, 1) = A= SRS 2.3)
f'(@asin(F (), if A=Ay

From the definition of &,,, we have that

m(&a,, 0y, As)

- <(dD2 + )b, + [1 + et f(0) sin(%(.))} sin(%(-)), < sin(%(-)), sk*>) —0

and the partial derivative of m is given by
2 Y (T
De,cyM(En,, O, , As) (1), €) = <(dD + A5)1 4 A4€ f'(0) sin (T(-)>,<sm(7(-)>, n>)

From sinz(%(-)) ¢ Z(dD? + 1,), it follows that D aym(&a,, oy, , Ay) is bijective from X x R to
Y x R. Therefore, the implicit function theorem implies that there exist A* > A, and a continuously
differentiable mapping A — (&3, ;) € X x RT such that
m,, o, A) =0, X e[iy, A*].

An easy calculation shows that o) (A — A*)[sin(%()) + (A — A&, ] solves Eq. (2.1). O
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Throughout Sections 2-4, we will always assume A € [A,, A*] unless otherwise specified, and
0 < A* — A4 < 1. But the value of A* may change from one place to another when further pertur-
bation arguments are used. We also remark that the solution uj is small in WP norm, thus it is
also small in C* norm for « € (0, 1) from standard elliptic estimates. Hence by taking |A* — A,| small
enough, we can assume that maxyeqo,; U (X) < §/2, where § is defined in (A1). In Sections 2-4, we
only consider local bifurcations near the steady state u,, hence involved solutions of (1.1) only take
values in [0, §].

The linearization of (1.1)—-(1.2) at u, is given by

Av(x,t) _dazv(x, t)

ot oz T @)y O Fauf ugvix -0, t>0,

v(0,t)=v(,t)=0, t>0,
v(x,t) =nx,t), (x,t)el[0,]]x[-7,0], (2.4)

where 7 € C.
We introduce the operator A(L): Z(A(L)) — Y¢ defined by

A() =dD? + 4 f (),
with domain
2(A) ={yeYc: .y € Yc, y(0) =y() =0} = Xc,
and set v(t) = v(-,t), n(t) = n(., t). Then Eq. (2.4) can be rewritten as

dv(t)
dt

=AM)Vv(t) +ru f'w)vt —1), t>0,
v(it)y=nt), tel[-1,0], necC, (2.5)

with A(X) an infinitesimal generator of a compact Cp-semigroup [28]. From [37] (or [42]), the semi-
group induced by the solutions of Eq. (2.5) has the infinitesimal generator A; (1) given by

Ar (V)¢ = ¢,
2(A:() = {¢ €CcNCh: ¢(0) € Xe, (0) = AP (0) + Auy f'(up)p (—D)},

where Cé =C1([—7,0], Y¢). The spectral set o (A; (1)) ={n € C: A(x, ,T)y =0, for some y € X¢ \
{0}}, and

A, p, T) = AG) + A, f'(w)e ™ — .

The eigenvalues of A; (1) depend continuously on t (see e.g. [6]). It is clear that A; (1) has an imagi-
nary eigenvalue y =iv (v #0) for some 7 > 0 if and only if

[AG) + 2w f'(w)e™ —iv]y =0, y(0) € Xc, (26)

is solvable for some value of v > 0, 6 € [0, 27r). One can see that if we find a pair of (v, #) such that
Eq. (2.6) has a solution y, then

6+ 2nmw
A, iv, Tp)y =0, rn=+T, n=0,1,2,....
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Next we shall show that, if 0 < A* — 1, « 1, then there is a unique pair (v, #) which solves Eq. (2.6).
Now we give two lemmas which will be used to conclude our assertion.

Lemma 2.2.If z € Xc and (sin(§ (1)), z) =0, then |((dD? + 1,)z, z)| = 3A.|2]|3,..
This is exactly Lemma 2.3 of [3] and we omit its proof here.

Lemma 2.3. If0 < A* — A, < 1 and (v, 0, y) solves Eq. (2.6) with y(# 0) € Xc, then xl}x* is uniformly
bounded for . € (A4, A*].

Proof. Noting that

([AG) + rus f'(w)e ™™ —iv]y, y) =0,

and also A()) is self-adjoint, then separating the real and imaginary parts of the above equality, we
obtain

v(y, ¥y = —(Asinbu; f'(u)y. y).

Hence

. , (T 2
pa— = rat; | sin@|{ f'(uy) sm(T(-)) + =26 |y, ¥ )/ 1Yy

It follows from the boundedness of f’ that there is a constant M > 0 such that

V]
A — s

SAGM[T+ (=2 & lloo]. A€ (AT

The boundedness of v/(x — A,) follows from the continuity of A — (||&[lco, ®2). O

Now, for A € (A4, A*], suppose that (v, 6, ) is a solution of Eq. (2.6) with y(# 0) € Xc. If we ignore
a scalar factor, y can be represented as

y:ﬂsin(%(-))—i—(k—k*)z, <sin<%(-)>,z>:0, B =0,

(7 A\ (T
sm(T(-)) SIH<T('))

+ =1 zly, =
Substituting (2.2), (2.7) and v = (A — A,)h into Eq. (2.6), we obtain the equivalent system to Eq. (2.6):

2

I3, =B (2.7)

Yc Yc

def

g1(z,,h,0,1) = (dD* + 1)z + [ﬂ sin(%()) +(x —A*)z}

: [1 + Ay (&, 0, A) + e, f(uy)e ™ [sin(?«)) + (- A*m] - ih} =0,

o™ Re<sin<%(~)>, z> -0,

23(2) Cl='Eflm<sin<n7(~)>, z> =0,
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(T
sm(T(-))

Recall that mq (¢, &, A) is defined in (2.3). We define G : Xc x R3 xR Y xR3 by G = (g1, 2, £3, 84)
and note

2

g4z, .0 = (82 1) + 0= 12z, =o0. (2.8)

Yc

. b/
Z)V*=(‘l—l).§;')b*, ﬂ)\*=1, h}h*z‘l, GA*=5

: (2.9)

with &,, defined as in Theorem 2.1. An easy calculation shows that
G(zy,, B> ha,, 05y, 2e) =0.
Now we are in the position to give the main theorem in this section.
Theorem 2.4. There exists a continuously differentiable mapping A — (z;, B, hy, 6,) from [Ay, A*] to
Xc x R3 such that G(zy, By, hy, 61, ) = 0. Moreover, if A € (A, A*], and (z*, B*, h*, 6*, 1) solves the equa-
tion G = 0 with h* > 0, and 6* € [0, 27r), then (z*, p*, h*, 0%) = (z5., B, hy., 65.).
Proof. Let T = (T1, T2, T3, T4) : Xc x R3 — Y¢ x R3 be defined by

T =Dh6G ., Br.s ha,s Or,s As)-

Thus, we have
2 L Y , .o T
Ti(X.k,€,9) = (dD* + A) x — i€ sm(T(-)> — A, f/(0) sin <7(~)>
. g R T
+Kk(1=1) sm(T(-)) |:1 + sy, f(0) sm(T(-))},

Tz<x>=Re<sin(§(->),x>, T3<x>:lm<sin(§<-)),x>, Ta(k) = 2

2

sin(%(-))

It is routine to verify that T is bijective from X¢ x R3 to Y¢ x R3. It follows from the implicit function
theorem that there exists a continuously differentiable mapping A — (zy, By, hy, 6,) from [A,, A*]
(with a smaller 1*) to X¢ x R3 such that G(z;, By, hy, 65, ) = 0. Hence the existence is proved, and
it remains to prove the uniqueness. By virtue of the uniqueness of the implicit function theorem, now
we need only to show that if G(z*, 8, h*,6*,1) =0, h* > 0 and 6* € [0, 277), then

Yc

. T
(2", B 1", 0") = (20, Br., hiss 60) = ((1 — )&, 1,1, 5)

as A — A, in the norm of X¢ x R3. From the definition of (z*, g*, h*, %), it is easy to see that {h*},
{8*} and {6*} are bounded. From Lemma 2.2 and the first equation of Eq. (2.8) we have

’

1
2] < 3 <Q(hxy 0", 1) [ﬁ*sin<§(~)) + (- A*)z*],z*>

where

o(h*, 6™, 1) =1+ o, f'(u;)e™ [sin(%(-)) + (- k*)&] + amq(ay, £, &) — ih.



Y. Su et al. / ]. Differential Equations 247 (2009) 1156-1184 1163

The boundedness of {h*}, {c;}, {£€,} and || yields that there is M > 0 such that ||o(h*, 6*, 1) s <
3A:M for A € [Ay, A*]. Thus we have

2
171, < mlB*]-

sin(70)] 1y, + MO~ 202,
Yc
If M(A* — 1) < 1/2, then

12y, <2ml[p’]- L helh At

(T
sm(T(-))

Hence {z*} is bounded in Yc. On the other hand, (dD? + X.) : X¢ N Zc(dD? + 1) — Y N
Zc(dD? + 1,) has a bounded inverse, by applying (dD% + A,)~! on gi(z*, g*, h*, 6%, 1) =0 one sees
that {z*} is also bounded in Xc, and hence {(z*, 8%, h*,6*): A € (A4, A*]} is precompact in Y¢ N R3.
Therefore, there is a subsequence {(z", 8", h", 6™, A\™)} such that

Yc

A= he, (2% B R, 0M) — (2, B R, 0M),  asn— oo,

by taking the limit of the equations G(z", 8", h", 0", A") =0 as n — oo. It is not difficult to verify
that G(z, 8,h,6,1,) =0 has a unique solution given by (z, 8, h,0) = (z,,, Bx,, ha,.0x,, A+«) defined
in (2.9), thus (2, g™, h*+,0%) = (z,,, Bx,. ha,. 02,). Hence, (z*, B*,h*,0%) — (23, By, hs,. 05,) as
A — Ay in the norm of Y¢ x R3. In addition, (dD? + A,)~! is a continuous linear operator from
Zc(dD? + 1) into Xc N Zc(dD? + A,), we get the convergence in Xc¢ x R3, which follows that
(2", B h*, 0% = (z3, B, My, 63). O

Corollary 2.5.If 0 < A* — A, < 1, then for each A € (A4, A*], the eigenvalue problem

A, iv,T)y=0, v>0, 7>0, y(#0) € X¢

has a solution, or equivalently, iv € o (A ())) if and only if

0y + 2nmw
V=13 = (A — Aoy, r:rn:%, n=0,1,2,... (2.10)
A

and
. T
y=ryr, Yi=P58 sm<7(~)> + A=Az,

where r is a nonzero constant, and z,, 8,., h;., 6, are defined as in Theorem 2.4.
3. Stability of steady state solutions

In this section we study the stability of non-constant steady state solution u; of Eq. (1.1) with
fixed A satisfying 0 < A — A, < 1, and the time delay 7 is considered as a parameter. We recall a
lemma from So and Yang [31, Lemma 4.1]:
Lemma 3.1. Suppose that y and ¢ satisfy

—dD*y +AP(x)y =0, forxe (0,D),
v(0) =y (D=0
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and
—dD?*¢p +2Q(x)¢ =0, forxe(0,D),
#0)=0¢(=0
Suppose ¢ > 0 for x € (0,1), > > 0 and P(x) > Q (x) for x € (0,1). Then ¢ =0.
We have the following simple facts about the spectral sets.
Lemma3.2.If 0 < A* — A, < 1and t > 0, then 0 is not an eigenvalue of Az (L) for A € (Ay, A*].
Proof. If it = 0 is an eigenvalue, then [A(A) +Au; f'(u;)]y = 0 for some y # 0. Since A(L) +Au; f'(uy)
is self-adjoint, then y is real-valued. Noting that —[dD? + A f(u;)]uy =0 and —f(uy) — uy f'(u;) >

— f(u;) for A € (A4, A¥], the result follows from Lemma 3.1. O

Lemma 3.3.If 0 < A* — A, < 1 and Tt = 0, then all eigenvalues of A, (1) have negative real parts for
X € (g, A*].

Proof. When t =0, A;(}) is real self-adjoint, then all eigenvalues are real-valued. Noting that
A(M)u) =0 and u; > 0, then 0 is the principal eigenvalue of —A(A) with eigenfunction u,, it fol-
lows that the eigenvalues of —A()) are nonnegative from Lemma 3.1. In particular —(A(XA)¢, ¢) >0
for any ¢ € Xc. If there are ¢ > 0 and ¢ € X¢ \ {0} such that A(A, c,0)¢ =0, then we get

l
—(AMg, ¢) — /)Lu)\f’(uk)—c)¢2dx>0, for & € (A, %],
0

which is a contradiction. O

We now show that p =iv is a simple eigenvalue of A, for n=0,1,2,.... For this purpose, we
first give the following lemma.

Lemma 3.4.If 0 < \* — A, < 1, then for each fixed . € (As, A™],

Q.
=

e

1
:/ + Atne %y f () ]yi (0 dx #£0, n=0,1,2,....
0

Proof. From the expressions of u,, y,, tn, and the fact that 6, — 7 /2 as A — A, it is easy to obtain

!
e
Sp— [14—1(5 +2n7r>]/sm (l )dx as A —> Ay (3.1)
0

It follows that S;; #0 for A € (A4, A*] and for all t,, n=0,1,2,.... O

Theorem 3.5.If 0 < A* — A, < 1, then for each fixed A € (A«, A*], 0 =iV, is a simple eigenvalue of Ay, for
n=0,1,2,....
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Proof. From Corollary 2.5 we have A[Ag (A) — ivy] = Span[e!”*'y,]. Suppose that for some
¢ € DA, W) ND([Ag, (M1%), we have

[Aq, (1) —in,]*p =0.

This implies that

[A, W) —iv, ] € A [Ar, (W) — i3] = Span[ei"*'y,\].
So there is a constant a such that

[Ac, ) — iv]¢p = ae™ ;.

Hence

$©O) =ivyp©) +ae™y,, 6 e[t 0],
$(0) = A(L)¢(0) + Aty f' (W) (—Tn). (3.2)

The first equation of Eq. (3.2) yields

¢ (0) = ¢ (0)e +agefy;,
$(0) = iv3¢(0) + ay;.. (33)

From Egs. (3.2) and (3.3) we have

ACh, v, ) (0) = [AQ) + A f'(wp)e ™% — v, ]9 (0)
=a(1+ Atqus f'(uz)e %) y;.
Hence

!
/¢(0)[A(k iv, Ta)ys]d :/y,\ A, iv, T)$ (0)] dx

0
l

=a /(1 + Aty ' (w)e %) y3 dx.
0

As a consequence of Lemma 3.4 we have a = 0, which leads to that ¢ € A"[A, (A) —iv,]. By induction
we obtain

N [Ag ) —in]) = 4 [Aq ) —iva], j=1,2,3,...,n1=0,1,2,....
Therefore, A =iy, is a simple eigenvalue of A, forn=0,1,2,.... O

Since . =iv is a simple eigenvalue of Ay, by using the implicit function theorem it is not difficult
to show that there are a neighborhood O, x D; x H, C R x C x X¢ of (74, ivy, y,) and a continuously
differential function (u, y): 0, — Dp x Hy such that for each t € Oy, the only eigenvalue of A; (L)
in Dy is u(t), and
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w(m) =ivy,  y(Ta) = Ya
A(r, (), T) = [AQ) + Auy f (wp)e MO — u(t)]y(xr) =0, T €0, (34)
We show that p(7) move across t, transversally.
Theorem 3.6. [f0 < A* — A, < 1, then for each A € (A4, A*],

e du(tn) -

R
dt

0, n=0,1,2,....
Proof. Differentiating Eq. (3.4) with respect to 7 at 7 = 1,, we have

du(th) dy(tn)

= [-1- Au,\tnf/(ux)e”’g*]yx + A, vy, o) — v au; f/(un)e % y; =0.
Multiplying the equation by y, and integrating on [0, [], we obtain
. _io, ol
du(t)  —ivike ™ fou; f'(up)y3 dx
At [z f(wp)e 0 y2 dx
1 1 1 1 2
- W(—ivk)\e_”’k/yﬁdx/ukf’(uk)yidx—ivl)\zrn /ukf’(uk)ylz\dx ) (3.5)
n
0 0 0

Noting that

I

/yf\(x) dx =

0

I
/ y2(x)dx

0

e_ipk s

where p; = Arg(fé yf(x) dx), —m < p, < . Then from Eq. (3.5) it follows that

1
/yidx
0

LA(T) _ —virG— b

R =
dt |Snl?

I
2
Re[ie—iwﬁm)[ u f W) yi dx}.
*— Ry

0
Hence, by
| ) 5 ) I
- u, f'(u o (T
ie—iOatpn) / M -~ —— [ sin? (Tx> dx <0 asi— A,

A= Ay As
0 0

we have Re % >0 when A € (A, A*]. O
From Lemma 3.2 and Theorem 3.6 we immediately have

Theorem 3.7. If 0 < A* — A, < 1, then for each fixed A € (A, A*], the infinitesimal generator A, (A) has
exactly 2(n + 1) eigenvalues with positive real part when T € (ty, Tj,;1,n=0,1,2,....
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The stability of the positive steady state solution can be obtained from Lemmas 3.2 and 3.3, Corol-
lary 2.5 and Theorem 3.7.

Theorem 3.8. If 0 < A* — A, <« 1, then for each fixed ) € (L4, \*], the positive steady state solution u; of
Eq. (1.1) is asymptotically stable when t € [0, 7o) and is unstable when t € (79, 00).

4. Hopf bifurcation

In this section we study the Hopf bifurcation occurring around the positive steady state solution
u,; with T as a bifurcation parameter by using the method in [3].

We first transform the steady state u = u; of Eq. (1.1) and the critical value 7, to the origin via
the translations U(t) =U(-,t) =u(-,t) —u,;(-) and @ =T — 1, then Eq. (1.1) is transformed into

Au(t)

I AU () + A f' W)U (E — Tn — o) + A f W)U OU(E — 0 — )

+AUO +u)[fUCE -t — ) +u) — fw) — FuUE— -] (41)

Furthermore let w; =27 /v, and w(t) = U(t(1 + B)), then U(t) is an w, (1 + B)-periodic solution of
Eq. (4.1) if and only if w(t) is an w,-periodic solution of

dvt‘i/t(t) =AWW®) + A, f W) w(t — ) + G, B, w), 42)
where
G, p. wr)

=BAMW() — /\uxf’(ux)[W(t ) -1+ 5)W<t - ?:g)]
+a1+ B (W) + u,\)[f<W<t - Tl”:;‘) +u,\> - f/(uA)W(t - T{’:;‘) - f(ux)}
14 pf wwow(r- T

=BAM)W(D) — Muf’(ux)[W(t —Tn) — (1+ ﬁ)W<f - T:g)]
ot L9 ) S o)
+O(w4<t— 2:;‘))} 42 +ﬁ)f’(u/\)W(t)W(t— Z:g)

We use the following notation:

(1) (y,2)* d:Efféy(x)z(x) dx, y,zeY.

(2) From [42] or [37], for ¢ € Cn & C((=1a, 01: V), ¥ € C* ¥ (0, 7a]: V),

0
W, d) =(¥(0),9(0)" + / (W (s + Ta), Aus f/ () ()" ds.
A



1168 Y. Su et al. /. Differential Equations 247 (2009) 1156-1184

®(0) = [y:e™?, y.e7™%], 6 €[~14,0],

®(0) =[1(0), D2(6)] = D(O)H,

RGN T
tp(s)_[%(s)]_H F(s),

111 —i
H=3 [1 i ]
(4) A is the eigen-space of A, (1) corresponding to the eigenvalues p = %iv,.
(5) Define

where

Pu, ={f € CR;Y): f(t+w;) = f(b), t R}

with the norm || - lpo, defined by ||f‘|pwk = SUP¢e[0.ay1 I f (D) Ily for f € Py,
(6) # : Py, — R is defined by .7 f = [;"* (¥ (s), f(5))*ds.

With the above notations, we can verify that @ is a real-valued basis of A, and ¥ is a real-valued
basis of the eigen-space of the formal adjoint operator A} (A) of A, (1) corresponding to p = %iv;
and (¥, ®) =1, where I € R2%Z s the identity matrix and (-,-) here is the matrix multiplication.
Furthermore, for ¢ € Cy, the projection ¢ of ¢ onto A is ¢ = & (¥, ¢).

In order to give the main result, we state the following lemma in [3]:

Lemma 4.1. For g € P,,,, the equation

dw(t)
dt

=AW +ru, fW)w(t — ) + g (4.3)

has an w, -periodic solution if and only if g € A (.#). Hence there is a linear operator 2% from A (%) to
P, such that for each fixed g € N (&), K g is the w, -periodic solution of Eq. (4.3) satisfying (%g){)‘ =0,
where (£ g)o € Cy, is defined by (£ g)o(0) = (£ g)(0), 6 € [—1y, 0].

From Lemma 4.1 and [3], up to a time translation, Eq. (4.2) has an w,-periodic solution w(t) if
and only if there exists a € R such that
F G, B, w) =0,
w(t) =adi(t) + [ G, B, wp)](t), teR, (4.4)

where @1 (t) = %(y,\e"”‘ﬂt + ye” vty = Re(y;e'+h), t € R. We further introduce the change of variables
by a =ay, p=aé, w(t) =a[P1(t) +aW ()], for t e R, W € P,, then Eq. (4.4) is equivalent to

),

/(‘1’(5), N(a,y.8, Ws)) ds=0,

0

W =N, y,8 W), (4.5)

Ta@y. s, W)%



Y. Su et al. / ]. Differential Equations 247 (2009) 1156-1184 1169

where

N(@,y,8, We) =8AM)[@1(t) +aW (1)]

1
a)/—azS‘c,1
— 1)) _p L -
)»u,\f(ux)[ 8[ 1< - )de
0

+ay Tn+(1)/
— 5P W(t— - w _—
5 1<t s >+ (t — ) — (1+ad) ( - ﬂ

/ Ty +ay Tn +ay
+ (1 +a8){f (ux)[d’l(f)“w(t)][@ (t_ 1+as )+aw<t_ 1+4as ﬂ

+ M@y 8, Wo)a(1(0) + aw ) m]]

1
5 n . - (S n
= SA)[@1(t) +aW ()] — }\uxf(uk)|: 1+a§ fq)l(t—rn_@%)de
0

1+as 1 as
Ty +ay
+A(1+a8){f(ux)[¢1(f)+aW(t)][ (  1+4a ) ( C 1+as )]
+

4 2
+[a(q§1(t)+aW(t))+uA][f (Zuk)[ ( ( a T;IZ:)]

af” (uz) T +ay t+ay\T
+ [@1(t— 1+a6>+aw(t_ 1T as )] +0(a)“,

—8<D1<t—T"+ay>+W(t—rn)—(l+a8)W< V)}
J’_

and
M(a,y,é8, Wt)
{flady(t — ZEL) + W (t — ZEL) + up] — f(uy)
=1 —af W) (@1t - T2 +aw e — B} /a?,  ifa#0,
[ )@t — 1) /2, ifa=0.

Since a periodic solution of Eq. (4.2) is a C} function, where C! & 1((—1, 0] Y), without loss of
generality, we can restrict the discussion on Eq. (4.5) to W € P}W where P}Ok ={f€Py,: fePyl

Ifllpy =1flp,, +1Flp,, -
Lemma 4.2. For any W € Pc]uw (0,0,0,W)=0.

Proof. From the definition of N,

A
N(0,0,0, W) = A f'(u3) @1 (t)P1(t — Tn) + —mf”(m)qb%(t —Ty)

|:f (u )e i0;, 4 - u)\f//(u)h)] 2 ZlUAf
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A : 1 ;
+ 2 |:f/(ux)€'9* + zuxf//(ux)]}_’ieﬂmt

A 1 _
+3 [f/(u/\)COSQA + Euxf”(m)}yxyx. (4.6)
Hence
w),
7(0,0,0,W) = / (w(s),N(0,0,0, W))"ds
0
1 W),
A 1 / —i6, 1 " 3 iv;s
=—Re [ —|fiwe ™ + -uy f"(u,) |y5dx | e ds
8 Sn 2
0 0
1 (%
A 1 ’ —i6; 1 " 2= 3iv;s
+—Re [ —| ffw)e ™™ + -uy f(uy) |y yadx | e’ ds
8 Sn 2
0 0
A 1 i
+ ZRe/ §—|:f’(ux)c059x+Euxf”(uk)]yijqu/e_""*sds
o " 0
=0. O

From the assumptions on f, one can see that 7 :I; x R x I x Pl_ — R is continuously differen-
tiable, where I, = [—r,r] with some r € (0, 1). Furthermore we have the following conclusion.

Lemma 4.3. Forany W € P}, ,

9.7(0,0,0,W) [Re;l(rn) 0]
ay,8  l-Imi(m) —v ]

Proof. By the definitions of .7, @, and ¥, it follows that

370.0.0.W) _ /<q/() ~—(0,0,0, WS)> ds

ay
[O)% ),
() d * S A 1
= | (®(), —au f' W) P1(s— 1)) ds= | H d ) H o]
0 0 21 Y22
where the 2 x 2 matrix (a ) is given by
—iU)Lefiv’\T" ivkefivx(Zsffn) _
al, = — A fl(u)yidx,  aly= S A f () yayadx,
" 0 " 0
vy (25—1n) : v T, !
,e A n _ ive 2. Tn B
ay = S—/Auxf/(ux)yu’x dx,  ay= S—/A”Af/(”k)yi dx.
n n

0
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By using Eq. (3.5), we obtain that

39(0’0’07W)_ 1| m(m) 0 1]_ Reﬂ(fn)]
ay [ 0 mrn)]”[ }“" [—lmﬂ(rn) '

Similarly

w;, *
PTO0M) _ [y, W o0.0.w0) as
0

= / (w (), AQ)P1 (6) — Ay f () @1 (E — To) + Aty f/ () Tn B (s — Tn)) " ds
0

o 2 2

- )

0 21 22

_ -1 l.V)t 0 1 _ 0
S o P R

. 2 . .
where the 2 x 2 matrix (aij) is given by

I
N lv,\rne —iViTn , 5
a}, = s_/ A ' (uy)yy dx,
11
0

0

!
—2iv;s : —iv, (25—1p)
—zvke _ iV, T _
a3, = /}’AJ’AdX_ —_ S /Au,\f/(ux)y,\y,\dx,
n
0 0

2ivys v (2s—17)
lvke iV, The _
a3 /YU)\dX-i- 5 /kuxf/(ux)}/x}’xd&
! 0
! v !
—iv iV, Tpetvr
a22 Af dx — —"" /Auxf (uk)y,\dx O
0

n

Lemma 4.4. Let
W}L(t) 1 ZIU)\[ + ;.l —2iv,t + ;}? + (p(t)d, (4‘7)

where
- . _ A 1
gl = T[A()») +auy f (u)e 2% — 2iv; ] ][U/\f/(lb\)efw)‘A + Euxf”(ux)]ﬁ, (4.8)

—A _ 1 -
o= T[A(k) + Ay f' ()] l[f’(ux)coséx + iukf”(ux)}yxyh (4.9)
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and
d=—(, ¢le? + gle 2V 4 cf).
Then
W, =22 (N(0,0,0, Wy)).

Proof. Recall the form of N(0, 0,0, W) given in (4.6). Then it is a direct calculation to verify that W,
defined by (4.7) is an w, -periodic solution of the equation

dv(\j/t(t) =AM)w(t) + Aup f' (W) w(t — 7y) + N(0,0,0, w).

Furthermore, with the d defined above, we can verify that (¥ (s), (Wj)o) = 0. Thus by the definition
of JZ°, we obtain W, = #(N(0,0,0, W;)). O

From Theorem 3.6, Re ji(7;) # 0, hence Lemma 4.3 implies 9.7 (0,0,0, W)/3(y, §) is nondegener-
ate. Now from Lemmas 4.2, 4.3 and the implicit function theorem, there exist ap > 0, a neighborhood
Vo C P}UA of W,, and unique continuously differentiable functions y, 8 :[—ag, ag] x Vo — [—ao, aol
such that y (0, W;) =4(0, W;) =0 and Z (a,y(a, W),d8(a, W), W) =0 for (a, W) € [—ap,ap] x Vp.
Next we define a mapping % :[—ap, ag] x Vo — P}UAA by

F@,W)=W — ¢ (N(a,y(@ W),s@ W), W)).

Then we have % (0, W;) =0 by Lemma 4.4. Moreover Lemma 4.2 implies that

97(0,0.0.Wy) _ WOWDY  [87(0,0,0,W;)] '97(0.0,0.W;) [0
aw - BQWA) | ™ Ay, 8) oW 10

Therefore we are able to verify that

AZF (0, W dN(0,0,0,W
BFO WY _,_ NG00 W)

I.
aw aw

Again from the implicit function theorem, there exist a constant a; € (0, ap), a neighborhood V1 C Vj
of W;, and a unique continuously differentiable function W*:[—aq, a;] — V1, such that W*(0) = W,
and % (a, W*(a)) =0, for a € [—a1,a1].

Consequently, we obtain that for any fixed A € (A4, A*], Eq. (4.2) has an w,-periodic solution
W (t) near zero for small @ and 8 if and only if W (t) = a(®1(t) + aW*(a)), « =ay(a, W*(a)), and
B =aé(a, W*(a)) for a € [—ay,a1].

Hence we obtain the existence of small amplitude periodic orbits near the non-constant steady
state solution (A, u;) and t = 7,. But to obtain more specific information of the bifurcation, we still
need to calculate the value of w for the direction of the bifurcation with respect to the time
delay parameter 7. Now we note that y*(a) = y (a, W*(a)), §*(a) = 8(a, W*(a)). Since

T (a,y* (@), 8% (@), W*(@) =0, ae[—a,aq],

differentiating both sides of the above equality at a = 0 yields

0.7(0,0,0,W;) 97(0,0,0,W,) [‘Wd@] o
as*©) | —
da 3(y.9) MO
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By Lemma 4.3 we have

WO 1T Refu(ry) 0 ]'87(0,0,0,W;) 410
@O |7y, | —Imi(m) —v 3 : (4.10)
o A n A a
We first prove a lemma which will be used to determine the sign of dy(;(o).
Lemma 4.5. Let ¢ and ¢} be defined as in Lemma 4.4. Then
. l.. 3.7
) —2=DAf'(0) [(sin®(Ex)dx | (7
/\lm; o= = *l . zfg L sm<7x>
N 20 [, sin®(Fx) dx
and
A11\11; 2. —1s) =0.
Proof. For A € (A4, A*], we decompose ;{, i=1,2,as
i 1 i |
&= P m, sin T() +A=2)67 ], i=1,2,
*
where mg eC, (sin(”T(-)), ;i*) =0. From the definition of ;/\1. we can obtain
(T
(dD* + A.)&l* +m} ]} sm(T(-)) + =20 Il
1 / —i6, A " 2
=-1 Af (up)e™™ + Euxf ) |y3 (411)
where
J1(x) =1 = 2ihy + rou [ f(w)e % + £/(0)] (sin(%x) + (- M)&)
}\' !
+o e (f(u) —1—usf'(0))
=1—2ih; + ra; f'(0) sin(%x) +aq; f/(u;)e 20 sin(%x) +o(1).
From Eq. (4.11) we obtain that
ml = LA e 4 By £ )1y ? sin(Ex)dx — (O — A fy 116 sin(Tx) dx
Jo J1sin?(Tx)dx
B = fé A (up)e= 0 y2 sin(Fx)dx — (A — Ay) fé Jig* sin(Fx) dx + o(1) (412)

fé J! sinz(%x) dx
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Applying (4.12) and Lemma 2.2 to Eq. (4.11), we see that ||§}3*||y < 0o for A € (A, A*]. Meanwhile we

have
I
/] sm( )dx—>/(l—21)sm (Tl[ >dx, as A — Ay
0

Therefore, from (4.12) it follows that

lim m! = —2 = DA f'(0) fosin® (F X)dX

AN 20 fo sin (” X) dx

The proof of the second equality is similar. O

Now we are able to obtain the signs of % and %.

Lemma 4.6. Suppose 0 < \* — A, < 1 is satisfied. Then Sign{ D (0)} > 0 and Slgn{‘m (O)}

Proof. Denote

97(0,0,0,W,) [T,
da T T2 |

Then we have

dy*(©0) T, ds*(0) ImM(Tn)T1+ReM(Tn)T2
da Rep(m)wy’ da Re [1(Tp) @), Vs,

(413)

From the estimates of N(a, y,§, W), we obtain that

T :/<l1/1(s),)\f’(ul)[q§1(s)wl(s—Tn)—i—q)](s—fn)WA(S)]
0

+ 2 f (W) P1(s — )W (s — Tn) + w@(smf(s —Tp)

W@S - Tn)>* ds
and hence, for A € (A, A*],
wy |
= m//Re {AF' @)Sa( = 208 v 72 (€% +e77%) fdxds
(= 1072).

Indeed
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a)xl

(h =4 / / Re{Af W) Sn( — 2)¢) 27 (€% + 7% )} dxds

TR OPN = 35 + 2nm)]1(fy sin® (Fx) dx)?
—

10 , aAS A — Ay,
hence Sign{T 1} <0 for A € (A4, A*] and n=0,1, ..
Similarly, we can obtain for A € (A4, A*],
w1
Ty = m / / Im{Af" @) Sn(h — 205!y ya (€ +e2%) b dxds
+o((—21072),
and
w1

()»—)»*)//Im{)»f’(uxﬁn(k—k*)g“fy,\j/k(ei‘)A +e‘2"91)}dxds

—T2f O3 + Z + 2n1(fj sin® (Tx) dx)?
—
10

, aAS A — Ay

From Eq. (3.5), it is easy to compute that

I 2
(A — 2)"2|SnI? Re fu(Ty) — </sin2< x> dx) . asA— Ay,
0

I 2
(A—)\*)*2|sn|21m,a(tn)—>—< +2nn></sm < ) ) , ASA — A
0

~|9

Therefore
Im /(T T1 + Re fu(t) T
Go— a1 1S m/1(ta)T1 + Re 1(ta) T2
w),
_ BUOPBG +20m)° - 2(5 + 2n7) — 3](Jy sin® (Tx) dx)2(f, sin? (F-x) dx)?
20 ’
as A — Ay

It follows that Slgn{d‘s (0)} > 0. The proof is completed. O
Summarizing discussions above, we obtain the main result of the paper on local Hopf bifurcations:
Theorem 4.7. Suppose that f (u) satisfies (A1) and (A2), and define i, = d(m /1)2. Then there is a A* > A, with

0 < A" — A < 1, and for each fixed A € (L, A*], there exists a sequence {Tp}o2 ) satisfying 0 < 7o < 71 <
- < Ty < ---, such that Eq. (1.1) undergoes a Hopf bifurcation at (t,u) = (ty,uy) forn=0,1,2,.... More
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precisely, there is a family of periodic solutions in form of (tn(a), up(x, t; a)) with period Ty (a) for a € (0, aq)
with a; > 0, such that

0@ =2 L) +o(@). Tu@ =2 (14K + ofa?))

Un (X, £ @) = 113 (X) + g(ywoe“’“ + 7 (e ") +o(a), (4.14)

where

dy*(0)
da

ds*(0)
da

ky (V) = ——— :=k1 (1, ) — 1) 7> +0((h — 1)),

k() = =ka(n, ) = )2 +0((h— 2072,

Re f(; f/(u)\)gnm}L sin(lx)y“‘/A (e 4 =216y dx

ki(n, 1) =— O3 +p2) 1w f'(u)y3
h/\|fo}’xdx|Re{le WOk fo oo )

20 F1(NI2[ _ (T in3 (% 2
_ A OPI 3G +amm(fpsin’hodo?

20(fj sin?(Tx) dx)?2
1
[ y; dx
0

I
/‘Uxf un)y? dx
r—

ko(n, 1) =

Re Jfy £'()Sum] sin(F0y; 5 (e + e~ 2%) dx (
A
h§|sn|2|f0 dX|Re{le i(03403) fl uy f’ (U)L)y)L d

- uy f/(u) y?
-Im{ie_'“’”/’*)/%dx} + 226y, + 2n7)
- *

)

0 0

+— h |Sn|2 lm/A-f (u)\)snm)ty)\y)\( leA +e —2i6;, )dx
_ BUOPBG +2mm)? - 2(5 +2n7) = 31(fg sin’ (Fx) dx)?

, +o(l—x), (415)
20[1 + (% + 2nm) 12 (f, sin® (Fx) dx)?

and (0,, v,, y,) is the associated eigen-triple in Corollary 2.5. In particular, kq(n, 1) > 0 and ko(n, A) > 0
hence the Hopf bifurcation at (ty, u;) is forward with increasing period.

Remark 4.8.

1. The assumption f(0) =1 of (A2) is not essential for all of our results, but it will make the

computation simpler. In fact, if we denote A, = 12 then all of our results are hold as long as

f(0) > 0.
2. When we apply implicit function theorem to obtain periodic solutions, the one corresponding to
a and —a are the same—that is, y(—a) = y(a) and 8(—a) = 4(a).

f (0>
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5. Bifurcation in the weak Allee effect case

In the model (1.1), if f(0) > 0 and f’(0) > 0, then the growth rate per capita is positive and it
increases near u = 0. This type of growth pattern is called weak Allee effect, see [29] for details and
other references. In this section, we replace the assumptions (A2) by

(A3) f(0)=1, and f’(u) > 0 for u €10, 8],

and we consider the similar bifurcation under the conditions (A1) and (A3). Since the proofs are
mostly similar to the logistic type (under (A2)), we will only indicate how statements and proofs will
be modified but not give the full details. In the following, we track the changes in statements and
proofs by sections.

In Section 2, the proof of Theorem 2.1 and the expression (2.2) remain valid, but now the steady
state u; exists for A € (A4, As) Where Ay < Ay and Ay — A4x| < 1. Hence we consider the Hopf
bifurcation from (A, u;) with A € (A4, A+). Now the linear analysis in Section 2 can be carried over
with the change of the base point to

ZA*:(l+i)S)L*, ﬂ)L*ZL h)h*:—‘l, Q)L*:— (51)

and then applied the implicit function theorem to obtain the results stated in Theorem 2.4. Note
that this change makes v = (A — A,)h > 0 with h <0, and the proof still goes through. In particular,
Corollary 2.5 holds with v, >0 and 7, >0 withn=0,1,2,....

In Section 3, both Lemmas 3.2 and 3.3 rely on the linear operator A*(A) = dD? + A f(u;) +
Af/(up)uy. For A € (Agx, Ax), We claim that A*(A) has exactly one positive eigenvalue and all other
eigenvalues are real-valued and negative. This is because that A*(A) is self-adjoint, then all eigenval-
ues are real-valued; at A = A,, the principal eigenvalue of A*(1,) is 0, and all other eigenvalues are
negative; for A € (A, Ax), all other eigenvalues remain negative since A*(1) is a small perturbation
of A*(A4), but the principal eigenvalue is positive since f’(u) > 0 and one can apply Lemma 3.1. This
implies that the statement of Lemma 3.2 is still true, and Lemma 3.3 becomes: if 0 < A, — Ay < 1
and T =0, then there is one positive eigenvalue of A;(A) and all other eigenvalues of A;(1) have
negative real parts for A € (A4, A*].

Lemma 3.4 and Theorem 3.5 remain unchanged except that forn=0,1,2,...,

I
(37 Lo (T
Sn— |1+ 7+2n7r sin TX dx, asi— As. (5.2)
0

Finally Theorem 3.6 still holds because of the new base point defined in (5.1). Now Theorem 3.7
becomes: if 0 < Ay, — A < 1, then for each fixed A € [A44, A4), the infinitesimal generator A;(A) has
exactly 2n + 1 eigenvalues with positive real part when t € (7, 75,1, n=1,2,..., and A;(A) has
exactly 1 eigenvalue with positive real part when 7 € (0, 71). In particular, Theorem 3.8 becomes: for
each fixed A € [A.4, A4), the positive steady state solution u; of Eq. (1.1) is unstable for t € (0, c0).

Now consider the Hopf bifurcations in Section 4. The setup and the application of implicit function
theorem go through without any alternation. The estimate in Lemma 4.5 is changed into

_a+nxJ%mﬂ#m%%@dxm<” )

lim &' (h — 2y = Zx
AvHCE 20 [ sin?(%.x) dx

I
and

lim ¢2(L — A,) =0.
)Ll\n)'\l* & ( %)
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Lemma 4.6 still holds. Now we are able to obtain the following Hopf bifurcation theorem for the weak
Allee effect case.

Theorem 5.1. Suppose that f(u) satisfies (A1) and (A3), and define A, = d(7 /1)2. Then there is @ Ay < Ax
with 0 < Ay — A < 1, and for each fixed A € (Aux, A+, there exists a sequence {Ty )72, satisfying 0 < 7p <
Ty <--- < Ty <---,such that Eq. (1.1) undergoes a Hopf bifurcation at (t,u) = (tp, u;) forn=0,1,2,....
More precisely, there is a family of periodic solutions in form of (t,(a), un(x, t; a)) with period Ty(a) for
a € (0,ay) with a; > 0, such that (4.14) and (4.15) hold but with

A2LF/ O +3CE + 2nm)1(J} sin® (Fx) dx)?
20(f; sin? (T x) dx)2

kiin, 1) =— + oA —Ay),

W2 OPBCE +2n7)? +2CF + 2n7) — 31(/j sin® (Tx) dx)?
20[1 + (3L + 2nn)]2(fé sin? (¥ x) dx)2

ko(n, 1) = +o(A —Ay),

and (6, vy, y,.) is the associated eigen-triple in Corollary 2.5 (with base point (5.1)). In particular, ki (n, 1) >
0 and ky(n, ) > 0 hence the Hopf bifurcation at (t,, uy) is forward with increasing period.

6. Global dynamics and examples

All results in previous sections are for local bifurcations of (1.1) near a small amplitude non-
constant steady state solution, hence the nonlinearity f(u) only needs to be defined in an interval
[0, 8] for small § > 0. Here we remark on the global dynamics of Eq. (1.1) if f(u) is extended to all
u > 0 appropriately.

We define the following (global) assumptions on f(u) corresponding to the logistic and weak Allee
effect cases:

(B1) There exists M € (0, co] such that f is a C* function on [0, M]; either M < oo, f(u) > 0 for
ue[0,M) and f(M)=0; or M =00, f(u)> 0 for u €[0, 00);

(B2) f(0)=1 and f’'(u) <0 for u € [0, M); or

(B3) f(0) =1, there exists m € (0, M) such that f’(u) > 0 for u € [0, m), and f'(u) <O for u € (m, M].

First we consider the logistic growth case, that is, when (B1) and (B2) are satisfied. Clearly (A1) and
(A2) are satisfied for any § € (0, M). The following global existence result holds from a comparison
argument:

Theorem 6.1. Suppose that f satisfies (B1) and (B2). Then the problem (1.1)-(1.2) possesses a unique solution
satisfying h(x, t)e* > u(x,t) > 0 for (x,t) € [0,]] x [—7, 00), and u(x,t) > 0 for (x,t) € (0,]) x (0, c0),
where h(x, t) is the unique solution of

dh(x,t) dh%(x, t)
=d
ot ax2
h(,t)=h(,t)=0, t>0,

, x€(0,]), t>0,

h(x,0) =n(x,0), xe(0,D), (6.1)
and recall that n(x, t) is the initial value defined in (1.2).

This result is essentially the same as Theorem 2.1 in [7], thus we omit the proof here. For A < A,
the global existence in Theorem 6.1 can be sharpened to global stability of the trivial steady state (see
[3,7]):
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Theorem 6.2. Suppose that f (u) satisfies (B1) and (B2), and A < A, then any nonnegative solution u(x, t) of
the problem (1.1)-(1.2) satisfies ||u(-, t)|ly — 0ast — oo forany T > 0

Proof. By taking the inner product of the first equation of Eq. (1.1) with u(x,t) and recalling the
boundary conditions, it follows that

l

dx:k/uz(x, O f(u(x, t —1))dx
0

2

I I
1d 2 d
i&/u (x,t)dx—i—d/ au(x,t)
0 0

By the Poincaré’s inequality (see for example [9]),

I I
T 2
T/udx/
0 0

and noting that f(u) < f(0) =1 for all u > 0, we obtain

dx for u € Hy((0, 1),

§“|=~

d
Sl <@ —2ofuc.nl;.
The result is direct from the comparison theorem. O

For A > A, as shown in results in previous sections, various bifurcations can occur and the dynam-
ics can be much more complicated. Here we only mention that (1.1)-(1.2) possesses a unique positive
steady state u; for each A > A, if f satisfies (B1) and (B2), and when 7 =0 (no delay), u; is globally
asymptotically stable.

Examples for logistic growth type include the classical diffusive Hutchinson equation [23]

av(x,t) av2(x,t)
=d
at ax?

+rvx, O (k—vx,t—1)), (6.2)

which has been discussed thoroughly in [3,12,20,22,23,27,42], and we shall not discuss here. Here we
illustrate Theorems 2.1, 3.8 and 4.7 by applying them to a “food-limited” population delay model with
diffusion effects.

Davidson and Gourley [7] derived a generalization of “food-limited” population model in the fol-
lowing form

Av(x,t) av23(x,t) k—vx,t—1)
=d S a— 6.3
ot 9x2 Frvix )k +cv(x,t—1T) (63)

where r >0, ¢ >0, k > 0, r/c is the replacement of mass in the population at saturation, r and k are
the growth rate of a single-species population and the carrying capacity of the habitat, respectively.
We consider the following model after rescaling Eq. (6.3), which has the form f =dt, x =r/d, ¥ =dr,
u(x,t) =v(x,t)/k (we drop the tilde for convenience):

Jux,t)  dur(x,1) ux,t —1)
TR TR t)1+cu(xt— Ty’
u0.t)=u(r,t)=0, t>0, (6.4)

xe(0,m), t>0,
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(A) (B)

Fig. 1. Numerical simulation of (6.4) with A =1.01 and ¢ =0.5. (A) T = 80, the solution approaches to the positive steady state.
(B) T =120, the solution still approaches to the positive steady state but with noticeable oscillations.

with the following initial value
ux,t)y=n,t), xel0,m], te[-1,0] (6.5)

where 1 € C. Davidson and Gourley [7] have investigated the existence, uniqueness, and asymptotic
stability of the nonnegative steady states of Eq. (6.3) with the zero-Dirichlet boundary condition. The
existence of monotone travelling front solutions of model (6.3) is showed by Gourley [16]. There has
been also extensive investigations of “food-limited” model (see e.g. [2,5,10,11,14,15,17,21,24,30,32,36,
38,40,41]).

Let

1—u

ﬂw=1+w.

It is easy to see that f(0) =1, f(u) >0 and f’(u) <O for u € [0,1], and f(u) <O for u > 1. Hence
(B1) and (B2) are satisfied, and we can see that A, = 1. Applying Theorems 2.1, 3.8, 4.7 and 6.2, we
have the following results:

(i) If A <1, then O attracts all of positive solutions of the problem (6.4)-(6.5), for any T > 0.
(ii) If 0 <A — 1« 1, then Eq. (6.4) has a positive steady state solution u,.
(iii) For each fixed A with 0 <A —1 « 1, there exists a constant tp such that the positive steady state
solution u;, is locally asymptotically stable if T € [0, 7p) and unstable if T € (19, 00).
(iv) For each fixed 0 < A — 1 « 1, there are a sequence values of delay 7, >0, n=0,1,2,..., such
that Eq. (6.4) undergoes a forward Hopf bifurcation at u = u; when 7 = 7,,. Moreover, the period
of the bifurcating periodic solutions is near 27 /v,.

Here we present some numerical simulations to illustrate the above analytic results. As an example
we consider (6.4)-(6.5) with ¢ =0.5 and in the following simulation, we always use the initial con-
dition n(x,t) =0.008[1+t/(27)]sinx. Notice that if we use h; ~ 1 and 6, ~ /2, then v, & A — Ay,
To ~ (A — A4)~'/2 and the period of bifurcating orbit T ~ 27 (A — A,)~! from Corollary 2.5. A steady
state bifurcation occurs when A crosses A, = 1, the zero solution loses its stability and the bifurcat-
ing positive steady state is asymptotically stable. For A < 1, u =0 is globally asymptotically stable
from Theorem 6.2. In Figs. 1 and 2, we use A = 1.01. For A = 1.01 and smaller t, u, is stable as
shown in Fig. 1(A). On the other hand, for A = 1.01, the estimates for bifurcation point above show
To ~ 50 ~ 157 and T ~ 2007 ~ 628. Indeed in Fig. 1(B) (before bifurcation, t = 120) and Fig. 2(A)
(after bifurcation, T = 130), one can see that 7p ~ 125 and T = 500. From Theorem 4.7, the Hopf
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u(x )

uped)

(&)

Fig. 2. Numerical simulation of (6.4) with A =1.01 and ¢ =0.5. (A) T =130, the solution converges to a time-periodic solution
with small oscillations. (B) T =200, the solution converges to a time-periodic solution with larger amplitude.

(A) (B)

Fig. 3. Numerical simulation of (6.4) with A =2 and ¢ =0.5. (A) T =2. (B) T =3.

bifurcation at 7o is forward. As T increases, both of the period and the amplitude of the stable time-
periodic solution appear to be increasing with respect to the delay . When t =200 (Fig. 2(B)), the
amplitude and the period are around u = 0.043 and T = 1000. Note that the amplitude of the steady
state solution uq g7 is 0.00257 =~ 0.0078 from Theorem 2.1.

Our analytical results only hold for A close to A,. But numerical simulations suggest that, for each
A > Ay, When 7 is larger, the solution of (6.4)-(6.5) tends to a stable spatial nonhomogeneous time-
periodic solution, see Figs. 3 and 4 for the case of A = 2. In this case, the steady state is destabilized at
about T =2, and there is a stable periodic pattern for t > 2. The amplitude of the periodic solution
increases significantly to u =64 as t increases to 6 (Fig. 4(A)), and to u = 2.3 x 10* as 7 =12
(Fig. 4(B)). This can be explained by the initial nearly exponential growth of the solution with large
delay t (see [12,27]). We conjecture that as T — oo, there exists a stable periodic solution with
amplitude and period both approaching co when T — co. We also conjecture that a cascade of Hopf
bifurcations occurs at (i, uy) for a sequence of increasing delays 7' for each A > A, and the values
of T} and time periods of solutions decrease in A.

Next we discuss the weak Allee effect case, that is when (B1) and (B3) are satisfied. Clearly (A1)
and (A3) are satisfied for any § € (0, M). The global dynamics of (1.1)-(1.2) with weak Allee effect
growth rate and no delay was considered in [29]. It is known that there exists a Ag < A4 such that
there is no positive steady state solutions when A < Ak, but there are at least two positive steady
state solutions when A € (Ag, A,). For simplicity, in the following, we only consider a special case:
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(A)

Fig. 4. Numerical simulation of (6.4) with A =2 and ¢ =0.5. (A) T =6. (B) T =12.

0.9 _—
0.8 o~
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0.6
0.5
0.4
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0 T T : T Y T T : : |
0 02 04 06 08 10 12 14 16 18 20

Fig. 5. The bifurcation diagram of steady state solutions of (6.6).

Ju(x,t)  ou*(x,1)
at ax?

+2ku(x,t)(1—u(x,t—r))(u(x,t—f)-l—%), x€(0,m), t>0,
u0,t)=u(mr,t)=0, t=>0,

ux,t)y=n(x,t), xe[0,7], te[-7,0]. (6.6)

Notice that the function f(u) =2(1 —u)(u + 0.5) clearly satisfies (B1) and (B3) with M = 1.

For (6.6), one can show that the saddle-node bifurcation point Ax > 8/9 ~ 0.889 [29]. Indeed nu-
merical integration of the steady state equation shows that Ax = 0.8928. Hence when X € (0.8928, 1),
(6.6) has exactly two positive steady state solutions, with the larger one locally stable and the smaller
one unstable, see the bifurcation diagram in Fig. 5. For the no-delay reaction-diffusion model, there
is a bistability dynamics: if the initial value is above a threshold manifold, then the solution tends to
the large positive steady state; and if the initial value is below the threshold, then the solution tends
to the zero steady state. Fig. 6 demonstrates that the bistability still holds for small delay: for A = 0.9,
with initial value n(x,t) = 0.08(12/4 — (x — 1 /2)?), the solution stabilizes at the large positive steady
state (Fig. 6(A)); but for smaller initial value n(x, t) = 0.07(7r%/4 — (x — 7t /2)%), then extinction occurs
(Fig. 6(B)).

For the reaction-diffusion model with delay (6.6), our results in Section 5 show that Hopf bifur-
cations occur from the smaller steady state for A < A, but close to A,, but the bifurcating periodic
solutions are unstable thus unlikely can be captured by numerical simulations. However a similar sta-
ble periodic pattern emerges as T increases for the weak Allee effect dynamics, even when A < A,. In
Fig. 7, with A =0.9 < A, =1, a Hopf bifurcation appears to occur between 7 = 15 and 20. We believe
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02
015 <

044

ufxt)

(A)

Fig. 6. Numerical simulation of (6.6) with A =0.9. (A) T =1 and n(x,t) = 0.08(712/4 —(x— 71/2)2), the solution converges to a
positive steady state solution. (B) T =1 and n(x, t) =0.07(r2/4 — (x — 7w /2)?), the solution converges to 0.

uixt)

(A) (B)

Fig. 7. Numerical simulation of (6.6) with A =0.9. (A) T =15 and n(x,t) = 0.1(w2/4 — (x — 7w /2)?), the solution still converges
to a positive steady state solution. (B) T =20 and 5(x,t) = 0.1(r2/4 — (x — 7 /2)?), the solution converges to time-periodic
solution with period around 135.

that this again provides evidence for Hopf bifurcations occurring along the large positive steady state
solutions.
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