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1 Introduction

The standard age-structure model is as follows:

us + uy = —u(a, wu,

u(t,0) = /oob(a, w)u(t,a) da,
0

w(t) = /00 pla)u(t,a)da,
0

with the initial condition (0, a) = ug(a). Here, u(t, a) is the age distribution at time ¢, which
satisfies u(t, v) = u(0, T — £) and u(¢, 00) = 0. Function w is a weighted average of the total
population with weight function p(a) > 0. Functions b and p denote the birth and death
rates, respectively, which all depend on the age and the average w.

Let 7 be the critical age that separates adults and juveniles. Then the total population of

the mature individuals is

N(t) = /00 u(t,a)da.
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Assume that the death rate p is a constant step function

:U“(ﬂ» W) = rHr ((l),
where H is the Heaviside function with jump at 2 =  and

,O(ﬂ) =H, (6{),
which implies w(z) = N(¢) and the birth rate only depends on the age a and the population
of the mature individuals N. Further assume that the juveniles do not reproduce and the
birth rate b has a delta peakata =1

b(a,N) = g(N)H:(a) + ¢é- (a),
where § is the delta function. Then it can be verified that N(¢) satisfies

N(t)—cN(t—t):—rN(t)+crN(t—r)+f(N(t—t)), (1)
where f(s) = sg(s). For more details on the derivation of Eq. (1), we refer the reader to [1].

Model (1) is a neutral differential equation, and the corresponding delay equation

(¢ = 0) describes many famous models for population growth, which include Nicholson’s
blowflies model

N(t) = =rN(t) + pN(t — 7)e *NED), 2)

the Mackey—Glass models

KO =N+ o 3)

N(t) = -rN(t) + TN D) (4)
and the Lasota—Wazewska model

N(t) = =rN(t) + pe™ N, (5)

Nicholson’s blowflies model (2) has been extensively studied in the literature, where its
results mainly concern the global attractivity of positive equilibrium and oscillatory be-
haviors of solutions (see [2—6]). Several studies have also been carried out on model (2)
with time periodic coefficients (see [7, 8]), on discrete Nicholson’s blowflies model (see
[9-12]), and on diffusive Nicholson’s blowflies model (see [13—17]). Mackey—Glass equa-
tions (3) and (4) and Lasota—Wazewska model (5) have been studied in [18—23]. A majority
of results deal with the global attractivity of the positive equilibrium and the Hopf bifur-
cation problem. Meanwhile, there are several papers on the complex dynamics of model
(3). For example, Mackey and Glass [24] and Namajunas et al. [25] studied the chaotic
behavior, while Losson et al. [26] investigated the multistability. (Further, we refer to [27]



Liu et al. Advances in Difference Equations (2021) 2021:254 Page 3 0of 18

and [28] for biological models, involving chemotaxis and nonlinear diffusive mechanism,
formulated by the introduction of reactions coupling growth and death impacts.)

Wei investigated the global Hopf bifurcation of Eq. (1) with ¢ =0 [29], and Li et al. in-
vestigated the global Hopf bifurcation of Eq. (1) with f(s) = pse™* [30]. The purpose of
the present paper is to study the global Hopf bifurcation of the general neutral differential
equation (1). Here, r >0, 0 < ¢ < 1, and f is a nonnegative and C? function in [0, c0) with
f(00) =0 and satisfies one of the following assumptions:

(H1) f(0) > 0 and f(s) is strictly monotone decreasing when s € (0, 00).

(H2) f(0)=0,and @ is strictly monotone decreasing when s € (0, 00).

It is easy to see that the function f in (2) or (3) satisfies (H2) and the function f in (4) or
(5) satisfies (H1).

The rest of the paper is organized as follows. In Sect. 2, we investigate the existence of
positive equilibrium and analyze the distribution of the roots of the characteristic equa-
tion to give various conditions on the stability of positive equilibrium and the existence
of Hopf bifurcation. In Sect. 3, we establish the extended existence of bifurcation periodic
solutions by using the global Hopf bifurcation result of Krawcewicz et al. [31]. In Sect. 4,
we carry out some numerical simulations to support the analytical results.

2 Stability and local Hopf bifurcation analysis
In this section, we consider the stability of positive equilibrium and the existence of local
Hopf bifurcation by taking time delay t as a bifurcation parameter.

For neutral differential equations, positive initial conditions can lead to positive solu-
tions is not a trivial matter. Here, we provide some positively invariant sets for Eq. (1).
Without loss of generality, assume that the initial time for Eq. (1) is zero and define

1 ={¢ e C([-7,0],R) | $(0) — c(-7) > 0,and ¢(6) > 0,6 € [-7,0]},
Iy = {¢ € C([—t,O],R) | the left derivative D™ ¢(0) exists, D~ ¢ ()

+r¢(0) > 0,and ¢(6) > 0,6 € (-7,0]}.
Then we have the following result.
Theorem 2.1 IfT" =T'; or I' ="y, then T is a positively invariant set for Eq. (1).

Proof Assume that6 € [-7,0] and ¢ € I". Then, for ¢ € (0, t], we have N(t —7) = ¢p(t — 7) >
0. Since function f is nonnegative in [0, c0), we can obtain

N() - eN(t-1) > —r(N(t) - cN(t - 7)).
If ' =Ty, one has
N(t) - eN(t— 1) = (N(0) — cN(-7))e™ = (¢(0) — cp(-T))e™ > 0,
and
N@®) > eN(t - 1) = cp(t — ) = 0.

Therefore, by mathematical induction, I'; is a positively invariant set for Eq. (1).
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If T' = Ty, then the solution N(¢) of Eq. (1) satisfies that D~ N(¢) exists,
D N(#)+rN(t) = ¢(D"'N(t - 1) +rN(t— 1)) =c(D ¢t — 1) + rp(t — 7)) > 0,
and
N(t) = N(0)e™ = ¢(0)e™ > 0.
Therefore, by mathematical induction, I'; is a positively invariant set for Eq. (1). O

In the remainder of the paper, we investigate the dynamics of Eq. (1) in a positively in-
variant region I' with either I' =T"; or I = Iy, and formulate our results accordingly.

Theorem 2.2 Assumethatr>0,0 < c < 1,andf is a nonnegative and C? function in [0, 00)
with f(00) = 0.

(i) If (H1) holds, then Eq. (1) has a unique positive equilibrium Ny.

(i) If (H2) and f'(0) > r(1 — c) hold, then Eq. (1) has a unique positive equilibrium Ny.

Proof Obviously, the positive equilibrium Nj of Eq. (1) satisfies
g(Np) := —r(1 = ¢)Np + f(No) = 0.
If (H1) holds, then we have g(0) = f(0) > 0, g(co0) = —00. Since g'(s) = —r(1 — ¢) + f'(s) < 0,

there exists a unique Nj in the interval (0, 00) such that g(Ny) = 0. If (H2) holds, we have

limg_, o+ @ =f"(0) > r(1 — ¢) and lim,_, o, @ = 0. There exists a unique value of Nj in the

interval (0,00) satisfying f(NLO") =r(1 - ¢) due to the monotonicity of @, which implies
that g(s) =s(-r(1 -c) + f(TS)) has a unique zero Nj in the interval (0, 00). The proof is com-
pleted. O

Remark 2.3 From the proof of Theorem 2.2, one has that under assumption (H2), if f'(0) >
r(1 — ¢) does not hold, Eq. (1) has no positive equilibrium. Therefore, in the remainder of
this paper, we replace assumption (H2) by
(H2)" f(0)=0,f(0) > r(1-c¢), and @ is strictly monotone decreasing when s € (0, 00).
The linearization of Eq. (1) at N = Np is given by

N(t)—cN(t-1)=-rN(t) + (cr +f’(N0))N(t -1).
Hence, the corresponding characteristic equation is
AQ) = A +71—(cr+f (No) +ch)e™™ =0. (6)

Lemma 2.4 Assume that either (H1) or (H2)" holds. When t = 0, the root of Eq. (6) is

negative.
Proof When t =0, the root of Eq. (6) is

S (No)—r(1-¢)
1-c¢ ’

A=
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Clearly, we have f’(Ny) < 0 under assumption (H1). Assume that (H2)" holds. From the
monotonicity of J%S), we can obtain that

NQf,(No) —f(No) <0.

It follows that
N
£/(No) SN r(1- o).
0
The proof is completed. d

Lemma 2.4 implies that the positive equilibrium Ny of Eq. (1) is asymptotically stable
when 7t = 0. Thus, with the increase of 7, a stability change at N can only happen when
there are characteristic roots crossing the imaginary axis to the right. In addition, from
the proof of Lemma 2.4, one can see that f'(Np) < r(1 — ¢) under assumption (H1) or (H2)'.
This leads to A = 0 is not a root of Eq. (6) under assumption (H1) or (H2)'.

Now, let A = iwg (wp > 0) be a root of Eq. (6). Substituting it into Eq. (6) and separating

the real and imaginary parts, we have

r= (cr +f’(N0)) COS woT + Cwo SIN Wy T,

(7)
wo = —(cr +f'(No)) sinwoT + cwy cos woT.
Hence,
"(N; 2 _ .2
o et .

1-¢2

Since we have f'(Np) < r(1 — ¢) under assumption (H1) or (H2)', wy > 0 makes sense if and
only if

f'(No) < —r(1 +¢).

Furthermore, from Eq. (7), one can obtain that

—f"(No)wo
-

2 2
r* + wg

SinwyT = 0.

Therefore, when f'(Ny) < —r(1 + ¢), Eq. (6) has a pair of imaginary roots tiwy if and only
if T = 7j, where

1 "(N 2
7= — (arccos rier +f2( 0)2) %, 2j7r>, i=0,1,2,.... 9)
wo re + wy

From the discussions above, we have the following result.

Lemma 2.5 Assume that either (H1) or (H2) holds.
(i) Iff'(No) = —r(1 + ¢), then Eq. (6) has no imaginary root for any t > 0.
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(ii) Iff'(No) < —r(1 + c), then Eq. (6) has a pair of imaginary roots Liwy when t = Tj,
where 7; is defined by Eq. (9).

Lemma 2.6 Assume that either (H1) or (H2)' holds and f'(No) < —r(1 + ¢) is satisfied. Let
A1) = a(t) +iB(T) be the root of Eq. (6) near t = 1 satisfying a(z;) = 0 and B(t;) = wo. Then
we have

do

— 0. 10
I (10)

Y
Proof Differentiating Eq. (6) with respect to A, we have

dr —f'(Np) T
dr A+ r)(er+f' (No) +ch) A

Thus,
da | (r(cr +f'(No)) — ca)? + (2cr +f'(No))?w} 0
o=, = > 0.
dr 7Y f'(No)(2cr + f'(No))
The proof is completed. d

By applying Lemmas 2.4, 2.5, and 2.6, one can easily obtain the following stability prop-
erties of the positive steady state Ny of Eq. (1).

Theorem 2.7 Assume that r >0,0< c< 1, f is a nonnegative and C? function in [0, 00)
with f(c0) = 0 and either (H1) or (H2)' holds.
(i) Iff'(No) = —r(1 +c), then for Eq. (1), N = Ny is locally asymptotically stable for all
7>0.
(i) Iff'(No) < —r(1 + ¢), then for Eq. (1), N = Ny is locally asymptotically stable for
7 € [0, 79) and unstable for T > 1. Furthermore, system (1) undergoes a Hopf
bifurcation at N = Ny when t = 7;,j = 0,1,2,....

3 Global Hopf bifurcation analysis
In this section, we investigate the global existence of positive periodic solutions of Eq. (1)
by using the global Hopf bifurcation theorem [31].

Lemma 3.1 Assume that either (H1) or (H2)' holds. Then all periodic solutions of Eq. (1)

are uniformly bounded.

Proof By Theorem 2.1, we know that all periodic solutions of Eq. (1) in I" are bounded
below by 0. Let u(¢) be a nonconstant periodic solution of Eq. (1). Then there exist 7° and
Ty such that

u(T%) —cu(T° - 1) = ntrlea]lRX(u(t) —cu(t - 1)),

w(To) —cu(Ty—1) = ItIgél(u(t) —cu(t - 1)).
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Then, for any fixed ¢, we get
u(t) < cu(t — v) + u(T°) — cu(T° - 7).

Replacing ¢ with ¢ — 7 in the above inequality, we have
u(t - 1) < cut —2v) + u(T°) - cu(T° - 7).

Hence, for any integer m,

1-c"

—C

u(t) < "u(t —mt) + (u(TO)—cu(To—r)).

Let m — 0o and we can obtain that

(o) < u(TO)—cu(To—r)’ a1
l1-c¢

By using a similar method, one also has

> M(To) - CM(TO - ‘L') ]

t 12
u(p) = 0 (12)
In addition, from the definitions of 7° and Ty, we know that
1
u(T) —cu(T° - 1) = = f(u(T° - 1)),
r
1 (13)
u(To) —cu(Ty—1) = ;f(u(To - 7,')).
Now we can distinguish two cases.
Case (i): (H1) holds.
From Eq. (11), Eq. (12), and Eq. (13), it is easy to see that
0_
o < FHI=1) _ FO)
r(1-c) r(1--c)
and
Sw(To - 7)) 1 ( f(0)
t) > > .
ut) = r(l-c¢) — r(l—c)f r(1-c)
Case (ii): (H2)" holds.
From f(0) = f(c0) = 0 and the continuity of function f, we can define
fm = max f(s). (14)
s€[0,00)
Then, by applying Eq. (11) and Eq. (13), we have
T -
u(t)ff(u( ) __fu ‘ (15)

r(l-c) ~ r(l-c¢)

Page 7 of 18
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In particular, from Eq. (12), we have

- u(Ty) — cu(Ty — 1)
= 1-¢ '

u(To)
It follows that

u(To) < u(To - 7).
Thus, combining with Eq. (13), we can obtain that

(1 -c)u(Ty - 1) +f(u(T0 - r)) <0. (16)
Now, we need to show that u(Ty — t) > 0. In fact, if u(7y — t) = 0, we can get u(Tp) = 0 and

u(t) —cu(t —v) > u(Ty) — cu(Ty — t) = 0.

On the other hand, since u(¢) is a nonconstant periodic solution of Eq. (1), we have f(u(t -
7)) # 0. This leads to

u(t) —cu(t - 1) #£0.

Without loss of generality, assume that there exists £, > 0 such that u(z,) — cu(t. — v) > 0.
Then we can obtain that, for ¢ > ¢,,

)~ eule )= (ue) - eutt, - )e >0

From the periodicity of u(t), we have u(t) > cu(t — t) > 0 for any ¢ € [0, 00), which implies
that all nonconstant periodic solutions of Eq. (1) are positive. Hence, we get u(Ty — 7) > 0.
Then, from Eq. (16), one has

f(u(Ty— 7))

W0 1) <r(l-c).

By using the fact that @ is strictly monotone decreasing when s € (0, 00), we can obtain
M(T() - 'L') > Np.

Note that from Eq. (15)

Ju

u(To—1) < -0

Therefore, we can define

fwmw=min f(s), 17)

selNo, ;451
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such that

f@To=) _ fo

uit) = r(l-c¢) ~r(l-¢

Clearly, f,, only depends on function f and parameters r and c. Moreover, we have f,, > 0,

because @ is strictly monotone decreasing and tends to zero as s tends to infinity. The

proof is completed. 0

Denote G = [G1, G,] with

G " cj(%) if (H1) holds,
L=

r(jlrnic) if (H2)' holds,

(18)

and

f(0 .
Gy = { 19 if (H1) holds, -

s if (H2) holds.

Then we know that from Lemma 3.1 all of the positive periodic solutions of Eq. (1) belong

to the region G.
Lemma 3.2 Equation (1) has no nonconstant periodic solution when t = 0.

Proof Obviously, when t =0, Eq. (1) becomes
(1-¢)N = —r(1 - )N +f(N).

Then the conclusion follows from the fact that the first order autonomous ODE has no

nonconstant periodic solutions. d

Remark 3.3 The proof of Lemma 3.2 is also able to show that Eq. (1) has no nonconstant

periodic solution of period 7.

Lemma 3.4
(i) If (H1) holds, then Eq. (1) has no nonconstant periodic solution of period 2t.
(ii) If (H2) and cf (Gy) < r(1 - c?)G, hold, then Eq. (1) has no nonconstant periodic
solution of period 2t.

Proof Let u(t) be anonconstant periodic solution to Eq. (1) of period 27 and v(¢) = u(t — 7).
Then u,v € G and (u(¢),v(¢)) is a periodic solution to the following system of ordinary

differential equations:

u—cv=-ru+crv+f(v),

v—ci=-rv+cru+f(u).
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That is,
o= %Cz (-r(1=c*)u+cf (W) +f(v) := P(u,v),
(20)
V= 1 _1c2 (—7(1 — cz)V +f(u) + C_f(V)) = Q(u, V),
Hence,
oP & ~ 1

(=2r(1 =) +c(f' () +£ ()).

£+ v 1-¢?

If (H1) holds, we have f(s) < 0 for all s € G. Thus, % + % < 0. If (H2)' holds, for all s € G,

we have

(S SE)

f N G1

Then, from ¢f(Gi) < r(1 - ¢2)Gy, we also can conclude that % + % < 0. The classical

Bendixson criterion implies that Eq. (20) has no nonconstant periodic solution in G.

Therefore, Eq. (1) has no nonconstant periodic solution of period 27. The proof is com-

pleted. d
Denote
Rmin = minf/(s), Rmax = maxf/(s)’ ie = max{ |Rmin|’ |Rmax| } (21)
seG seG

Then we have the following result.

Lemma 3.5 Assume that either (H1) or (H2)' holds. If
~2r +27¢* + 26 Ropax + (V2 4 2¢ + V2% R < 0, (22)

then Eq. (1) has no nonconstant periodic solution of period 4t.

Proof Let u(t) be a nonconstant periodic solution to Eq. (1) of period 4 and set v;(¢) = u(¢ -
(i-1)t),i=1,2,3,4. Then V = (vi(t), v2(£), v3(£), va(t)) is a nonconstant periodic solution

to the following system of ordinary differential equations:

V1 —CVy = —rvy +crvy + f(va),
Vo — V3 = —rvy + crvs + f(v3),
V3 — Vg = —rv3 + crvy + f(va),

Vg — ¥y = —rva + crvy + f(v1).
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That is,
= (= v s ) +£0) + o 05) + EF 04),
b= g (1) + E) + ) +£03) + ),
23)
i = (1 )+ )+ EF0) + () + ),
1

Vg = & (—(1 - c4)rv4 +f (1) + cf (1) + Pf (v3) + c3f(v4)),

whose orbits belong to G:= {(VeR*|v,eG,i=1,2,3,4}. Next, we will employ a general
Bendixson criterion in higher dimensions developed in [32] to exclude nonconstant peri-
odic solutions of Eq. (23) in region G, which will guarantee that there are no 4t -periodic
solutions to Eq. (1). The Jacobian matrix /(V) of Eq. (23), for V e R%, is

A1) flva)  of'(vs)  Af'(va)

) 1 [ero) Srom £ o

T ==loar 725 o e e fo)
Fo) ) Efws) A

The second additive compound matrix J?I(V) of J(V) is

1
1-¢*

J2(Wv) = xS,

where S is a 6 x 6 matrix, whose rows S; are given in the following row vectors:

= (<2r+ 27"+ E(F (1) + £ (1)), f (v3), of (va), —¢f (v3), —¢*f (i), 0),
2 = (F (v2), =2+ 2rc + A/ (1) +/(v3)).f a),f (v2),0,~F (va),
(cf (v2), *F (v3), =27 + 2r¢* + E(f (1) + £ (v4)), 0, (v2), of (v3)),
= (-
(
(0.~

of'(v1), Af'(v1),0,—2r + 2rc* +03(f () +f'(v3) )f (va), —cf’ (v4))
—f'(11),0,*f (v1), c*f (v3), —2r + 2rc* + cg(f (o) +f" v4)) S (V3))
o' (1), cf' (V1) =¢f (v2), P (v2), =2r + 2rc* + & (f'(v3) + ' (va))).

Choose [, norm in R, namely, |x| = max;<;<¢ |%;|. Let A be the diagonal matrix given by
A = diag{~/2,1,+/2,+/2,1,+/2}.

Then the Lozinskii measure of AJ/(V)A™! is

1
w(AIP(V)AT) = 1—2 max {1, o, U3, Las 15, L}
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where
pr = =2r+2rc* + 3 (f (v1) + £/ (v2)) + (V2 +¢) If'(vs)| + (\/502 +¢)|f (va)|,

po = =2r +2rc* + (' (v1) + f'(v3)) + ?(1 + ) ([f )| + |f'(va)])s
p3 = =2r +2rc* + (' () + £ (va)) + (V2 + Q) |[f ()] + (V2% +¢) | (v3)
e =—2r+2rct + 63 (' (v2) +f'(v3)) + (V2+¢) [f’(w;)! + («/562 +c) V,(Vl)
s =204 206+ () 4 0) + 2214 ) ([ 00 + w0,
e = —2r + 2rc* + Cs(f/(V3) +f/(v4)) +(V2+¢) [f’(v1)| + («/562 + c) [f’(vz)|.

’

’

Obviously, from Eq. (23), we have that 1(4/!(V)A™!) < 0 for V € G, which is a Bendixson
condition that rules out nonconstant periodic orbits of Eq. (23) in G [32]. Therefore, Eq. (1)

has no nonconstant periodic solution of period 4t. The proof is completed. d
Now, we are in a position to state the following global Hopf bifurcation results.

Theorem 3.6 Assumethatr>0,0<c < 1,andf is a nonnegative and C? function in [0, 00)
with f(oco) = 0.
(i) Ifeither (H1) or (H2) holds and f'(No) < —r(1 + c) is satisfied, then Eq. (1) has at
least one positive periodic solution for T > ;.
(i) If (H1), —r(1 + c?) < ¢f'(No) < —rc(1 + ¢), and Eq. (22) hold, then Eq. (1) has at least
one positive periodic solution for T > vy and two positive periodic solutions for T > 1.
(i) If (H2), =r(1 + ¢*) < ¢f"(Np) < —rc(1 +¢), ¢f (Gy) < (1 = c*) Gy, and Eq. (22) hold,
then Eq. (1) has at least one positive periodic solution for T > tg and two positive

periodic solutions for T > 1.

Proof First, from the definition of 7; in Eq. (9), we know that 7; < 7j,1. Define

X= C([—I,O],R),

Y= Cl{(y, 7,T):yis a T-periodic solution of Eq. (1)} CX xR, xR,,

and denote by C(Nj, 7, Z—Z) the connected component of (Np, T, Z—Z) in X, where wy is de-
fined in Eq. (8). Note that, under assumption (H1) or (H2)', the stationary points (No, z;, i—z)
of Eq. (1) are nonsingular and they are isolated centers (see [31]). Thus, Lemma 2.6 implies
that there exist € > 0, § > 0, and a smooth curve A : (7j — 8, 7; + §) — C such that

A(MD)) = Aoey(M1)) =0, |A(T) —iwg| <€,

for all 7 € [z; - 8, 7; + 8], where A is defined as (6), and

M) = iwo, @ > 0.

I=T/'
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Let

2
p__

Q= {(u,p):0<u<e,
o

T
<E€¢.

It is easy to see that on [7; - §, 7j + 8] Q., AWy, (U + %) =0ifandonlyif r = 7, u = 0,

and p = i—’; Moreover, put

" 2 2mi
H*(No,tj, — |(u,p) = Ageasn| u+ — ).
wo p

Then, forany j =0,1,2,..., the crossing number is
21 _ 2 . 2
"N NO’ Tj, — 1 = degB H NOr Tj) - Qe - degB H NO; Tjr . k) Qe
wo wo wo
=-1
It follows that

E(NO,I,T)GC(NO,I/,(%)—Z)yl (No,t,T)<0.

Therefore, we conclude that the connected component is nonempty and unbounded from
the local and global Hopf bifurcation theorem given by Krawcewicz, Wu, and Xia (see
(31]).

By Lemma 3.1, the projection of C(Ny, 7j, i—’;) onto the y-space is bounded. Meanwhile,
the projection of C(Ny, 7j, 5)—7(:) onto t-space is bounded below from Lemma 3.2.

From Eq. (9), we know that

U < wor < 2(j+ V), j>1,

which implies

1 2 1 .
——<—<-, j=1L
j+1 oty
By Remark 3.3, for j > 1, one has that ,%1 <T< f if(y,7,T) € C(No, 1), i—’;). This fact shows
that the projection of C(Np, 7, i—’;) onto the T-space is bounded if 7 is bounded. Thus,
in order for C(Ny, ), Z—Z) to be unbounded, its projection onto the t-space must be un-
bounded. In other words, the projection of C(Ny, tj, i—’(’)) onto the 7-space includes [zj, 00).
The proof of (i) is completed.

If either (H1) or (H2)" holds and —r(1 + ¢?) < ¢f’(Np) < —rc(1 + ¢) is satisfied, then from

Eq. (7), Eq. (8), and Eq. (9), we have

r(cr +f'(No)) + cw?
2+ w}

' (No)(r(1 + ¢*) + ¢f (No)) <0
N r+wl ’

COSwoTp =
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which implies

2
2<—— <4,
woTo

By Lemmas 3.4 and 3.5, if (H1) and Eq. (22) hold, we have 2t < T < 4t when (y,7,T) €
C(Ny, o, i—’;). It follows that the projection of C(Njy, 7o, i}—’;) onto the T-space is bounded if
7 is bounded. Thus, the projection onto t-space of C(Np, to, 3)_7:,) must be unbounded. In
other words, the projection of C(Nj, 7, i—’;) onto the 7-space includes [, 00). The proof
of (ii) is completed.

Similarly, if (H2)', ¢f(G1) < r(1 — ¢2)G; and Eq. (22) hold, we also have 21 < T < 4t when
(9,7, T) € C(No, 7o, i—g). Therefore, the projection onto the t-space of C(Ny, 7o, i—’(’)) must

include [7y, 00). The proof of (iii) is completed. O

4 Two examples and simulations

In this section, we carry out some numerical simulations for Eq. (1).

4.1 Example 1: neutral Nicholson’s blowflies model

Choose f(s) = pse ** and consider the following neutral Nicholson’s blowflies model:
N(£) —eN(t— 1) = —rN(t) + crN(t — ) + pN(t — 7)e N, (24)

We would like to mention that the authors of reference [30] have investigated the exis-
tence of global Hopf bifurcation of Eq. (24). However, the global Hopf bifurcation condi-
tions given in [30] depend on the existence of a positive real number, which is denoted by
B in [30], and are very difficult to verify. In this subsection, we take the parameter values

as follows:

r=0.5, c=0.1, p=4.5, o

I
.

and show that this set of parameters satisfies the global Hopf bifurcation conditions in this
paper.

Firstly, we have that f(0) = p > r(1 — ¢). Thus, (H2)" holds and Eq. (24) has a unique
positive equilibrium Ny = 0.7675. By calculation, we have f’(Nj) = —0.5862 < —r(1 + ¢) =
—0.55. Then, from Theorem 2.7(ii), N = Nj is locally asymptotically stable for t € [0, 7o)
(see Fig. 1(a)) and unstable for 7 > 15, and system (24) undergoes a local Hopf bifurcation

at N=Nywhent=1,j=0,1,2,..., where

79 = 14.0542, 71 = 46.3503, Ty = 78.6463,

Next, we check the conditions of the global Hopf bifurcation (Theorem 3.6(iii)). Ob-
viously, —r(1 + ¢?) < ¢f’(Ny) is satisfied. From the definitions given by Eq. (14), Eq. (17),
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(a) 7=13.5 (b) T=14.5 (¢) T=162

Figure 1 (a) A solution converges to the positive equilibrium No for T =13.5 < 79 = 14.0542. (b) A solution
converges to a stable periodic solution for T = 14.5 > y. (c) A solution first approaches an unstable periodic
solution before it converges to a stable periodic solution for T =62 > 1) =46.3503

Eq. (18), Eq. (19), and Eq. (21), we have

fu f<1> 0.5518, fm:f(r({Afc)):o.lg%,
__Im _ M
Gi= g =030, Go= T =12263,

Ruyin = f(%) =-0.6090, Ry =f'(G1) =0.1261,
R = |Rpin| = 0.6090.
It follows that
¢f (G1) =0.0550 < (1 - ¢*) Gy = 0.1533,
and
~2r + 27¢* + 26 Rupax + (V2 + 2¢ + v/2¢*)R = ~0.0080 < 0.

Therefore, the conditions of Theorem 3.6(iii) are all satisfied, and Eq. (24) has at least
one periodic solution for t > 7 (see Fig. 1(b)) and two periodic solutions for T > 71 (see
Fig. 1(c)).

4.2 Example 2' neutral Mackey-Glass model

Choose f(s) = 1 175 and consider the following neutral Mackey—Glass model:

bN(t-1)

N(t)—cN(t—1) = —rN(t) + erN(t —7) + T+ N(—1)

(25)
with the parameters r =0.5,¢=0.1, b =1.8.

Obviously, we have that f'(0) = b > (1 — ¢). It follows that (H2)" holds and Eq. (25) has a
unique positive equilibrium Ny = 1.4422. Moreover, we can obtain that f'(Np) = —0.5625 <
—r(1 + ¢) = —=0.55. Then, from Theorem 2.7(ii), N = Nj is locally asymptotically stable for
7 € [0, 70) (see Fig. 2(a)) and unstable for 7 > 79, and system (25) undergoes a local Hopf
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Figure 2 (a) A solution converges to the positive equilibrium No for T =24.5 < 7y = 25.6233. (b) A solution

converges to a stable periodic solution for T = 26.5 > 1. (c) A solution first approaches an unstable periodic

solution before it converges to a stable periodic solution for T = 108 > 7y =81.1939

bifurcation at N = Ny when 7 = 7;, /= 0,1,2,..., where

To = 25.6233, 71 = 81.1939, Ty = 136.7644,
Now, we check the conditions of the global Hopf bifurcation (Theorem 3.6(iii)). Simi-

larly, we can obtain that —r(1 + c?) < ¢f’(Ny) and

fu=ph) =095 f=f( ) <063
__Im _ M
G = ST 0.8077, Gy = T 2.1165,

Ruin =/'(23) = =0.6000,  Ruay =f'(Gy) = 0.0416,

R = |Rypin| = 0.6000.
It follows that
¢f (G1) = 0.0952 < (1 - ¢*)G; = 0.3998
and
=27 + 2rc* + 26*Ronax + (V2 + 2¢ + v/2¢*)R = —0.0230 < 0.

Therefore, the conditions of Theorem 3.6(iii) are all satisfied, and Eq. (25) has at least
one periodic solution for 7 > 7y (see Fig. 2(b)) and two periodic solutions for T > 7; (see
Fig. 2(c)).
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