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1 Introduction and formulation of the model
Sex ratio means the comparison of male and female individual number in populations.
Usually, we assume the sex ratio is 1 : 1. However, to some wildlife, the sex ratio of popula-
tions will change with the kinds, mate, environment conditions, social behavior, resource,
adaptability, heredity, gene structure, etc. (see [1-9]). The animal’s sex ratio will change
with different animals in the different life history stage. Along with the growth of the age,
the male individuals tend to relatively decrease, but there exists a variety of birds for which,
on the contrary, the male individuals relatively increase. In isolated populations, males
compete locally for mates and resource, sex ratio will affect the dynamic behavior of the
population [10]. Sex ratio is a basic dynamic factor for the analysis of populations, and it
has important influence on the dynamic state of populations.

Based on the classical Lotka-Volterra model, Liu et al. [11] introduced the following sex-
structure model:

m'(t) = bif(t) — dim(t) — k(m(t) + f(£))m(t) — com(t)x(t),
f'@®) =f(O)(B = k(m(t) + f(2)) — c1x(2)), (L1)
X' (t) = x(t)(—a — bx(t) + com(t) + cof (£)),
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where m(t) and f(¢) are the male, female individuals of the prey population, x(¢) is the
predator population. The parameters a, b, by, by, c1, ¢z, dy, dy, k are positive, by, by, dy,
d, are constants of proportionality for male and female prey growth and death (b, > d,
where B = by — d,), a is the constants of proportionality for a predator, ¢; is the preda-
tion coefficient for a predator and ¢;/¢; (0 < ¢1/c; < 1) is the rate of conversing prey into
a predator, respectively. The authors obtained the conditions for the equilibrium stability
of system (1.1).

Moreover, Boukal et al. [12] considered sex-selective predation using several simple
predator-prey models, for example, male-biased predation is frequently related to prey
traits shaped by sexual selection, predators and parasitoids are attracted by mating sig-
nals of their male prey; female-biased predation is often related to prey traits shaped by
fecundity selection since it is easier or more rewarding to detect them than prey. The au-
thor found that long-term effects of sex-selective predation depend on the interplay of
predation bias and prey mating system, given the conclusion that ‘predation on the “less
limiting” prey sex can yield a stable predator-prey equilibrium, while predation on the
other sex usually destabilizes the dynamics and promotes population collapses’ For the
methods, models, data, results, and more details, see [12].

Considering system (1.1) with sexual favoritism (sex-selective predation), Liu et al. [11]
introduced the following ODE model:

m'(t) = bif (t) — dym(t) — o cym(t)x(t),
f'@) =f()(B - c1x(2)), (1.2)
x'(t) = x(t)(—a + o com(t) + cof (t)),

where o is the sexual favoritism coefficient, o > 1 means that the predator prefers predat-
ing male prey to female prey, 0 < o <1 means that the predator prefers predating female
prey to male prey, and o = 1 means there is no sexual favoritism. The authors obtained the
conditions for the equilibrium stability of system (1.2). But, how does the dynamic behav-
ior go when the positive equilibrium loses stability? Does there exist a periodic solution
or other rich dynamic behaviors?

Delays play an important role in the dynamics of populations. Delay can cause the loss
of stability and can bifurcate various periodic solutions. Recently, there has been extensive
work dealing with time delay systems (see [13—22]). In many processes of the real world,
especially in many biological phenomena, the present dynamics, the present rate of change
of the state variables depend not only on the present state of the processes but also on the
history of the phenomenon, i.e., on past values of the state variables. We assume that the
reproduction of the predator after predating the prey is not instantaneous and needs some
discrete time delay required for gestation of the predator (see [23—-25]). Then we formulate
the following DDE model:

m'(t) = bif (t) — dym(t) — o cym(t)x(t),
f'@) =f()(B - c1x(2)), (1.3)
x'(t) = —ax(t) + ocom(t — T)x(t — ) + cof (¢ — T)x(t — 7),
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where 7 (7 > 0) is the time required for the gestation of the predator. The initial conditions
for (1.3) are

(Wl(g)’ <P2(9)» ¢(9)) € C+ = {[_T’O]’Ri}’ <ﬂ1(9) > 0’ <P2(9) > 0r¢(9) > 01

where R? = {(m,f,x) e R®,m > 0,f > 0,x > 0}.

To the best of our knowledge, few papers focus on the predator-prey system with sex-
structure. Recently, Xiong and Zhang [26] have studied a predator-prey model with sex-
structure. They obtained the sufficient and realistic conditions for the existence of a posi-
tive periodic solution by constructing a V' functional, and using the result of the existence
of positive periodic solutions, the global attractivity of a positive periodic solution was
also obtained. Based on system (1.1), Li and Xiong [27] investigated the discrete periodic
sex structure model and obtained sufficient and realistic conditions for the existence and
global attractivity of a positive periodic solution for it. The pest management strategy of a
prey-predator system model with sexual favoritism was considered by Pei ez al. [28], and
the conditions for a global asymptotically stable pest-eradication periodic solution and
permanence of the system were established. The local asymptotic stability of system (1.2)
has been studied by Liu ez al. [11]. However, by choosing ¢ as a bifurcation parameter,
we obtain Hopf bifurcation conditions for system (1.2). In model (1.3), we introduce time
delay due to the gestation of the predator. So, we believe that this is the first time that a
predator-prey model with sex-structure and time delay has been formulated and analyzed.

This paper is organized as follows. In Section 2, we first focus on the stability of the
equilibrium point and the Hopf bifurcation of ODE system (1.2) by choosing o as a bifur-
cation parameter. The stability of the bifurcation is also considered by using an analytical
method introduced by Kazarinov [29]. In Section 3, we investigate the existence of Hopf
bifurcations and the estimation of the length of delay to preserve the stability of DDE sys-
tem (1.3). By using the normal form theory and center manifold argument introduced by
Hassard [30], we derive the explicit formulae for determining the stability, direction, and
other properties of bifurcating periodic solutions. Finally, in Section 4, numerical simula-
tions are performed to support the theoretical results. Numerical results show that ODE
system (1.2) considered has chaotic behavior under some parameter sets of values and the
Hopf bifurcation of DDE system (1.3) is subcritical, and the bifurcating periodic solutions

are unstable under certain conditions.

2 ODE model (1.2)
2.1 Stability of equilibrium and the existence of a Hopf bifurcation
Obviously, system (1.2) has one boundary equilibrium E, = (0,0, 0) and a unique positive

equilibrium
. s s b d
E (i of o) - ab _aldi+of) B
C2(d1+0b1+0ﬂ) C2(d1+0'b1+0',3) C1
Let E = (n,f, %) be any arbitrary equilibrium. Then the characteristic equation about E
is given by
—dl — 0'619_6 —A l’)l —O'Cll’;l
det(E) = 0 B—cx—A —of =0. (2.1)

O CX CoX —a+ocam+cf — A
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By verifying the characteristic roots of Eq. (2.1) at each equilibrium, it is easily seen that
the equilibrium Ej is always unstable.

Characteristic Eq. (2.1) about E” is given by
H(o) = A + hy(0)A? + Iy (o)A + o (o),

where

2
hy(o)=dy+aB >0, (o) = ap(dy +0°by + o) 50,
d1+0b1+0/3

ho(o) =apB(d, +oB) > 0.

Let

oabf(o —1)(d; + oB)
dl + Gbl + 0',3

Hy(0) = hi(0)ha(0) — ho(o) =

obviously, o = 0y =1 is the unique positive root of H; (o) = 0. By the Routh-Hurwitz crite-

rion, E’ is locally asymptotically stable if o > 1 and unstable if 0 < o < 1. Furthermore,

dH (o) _ ab,Bl(dy +0B)20 —1) +oB(0 —1) — (b + B)(dr + o) (0 - 1)]

do (dy+0b +0p)?

o=0(

_abipdi+p)
(di+b1+B) '

o=0(

According to the above analysis and the result [31], we obtain the following theorem.

Theorem 2.1 The positive equilibrium E is locally asymptotically stable when o > 1 and
unstable when 0 < o < 1. There exists a critical value oy = 1 such that a single Hopf bifurca-
tion occurs at o = oy for decreasing o, i.e., there exists a nontrivial orbitally periodic orbit
of system (1.2) if o € (0 — €,00).

2.2 Hopf bifurcation analysis

We deal with the Hopf bifurcation of system (1.2) using an analytical method intro-
duced by Kazarinov [29]. We first introduce some definitions. Suppose that C” is a lin-
ear space defined on the complex number field C. For any vectors x = (x1, %, ...,%,)’ and
y=0Ly2-- 90T, where x;, 5, € C (i =1,2,...,1), (x,y) = Y r, % is the inner product of
the vectors x and y.

Consider the following nonlinear system:
¥ =Ax+F(x), xeR3 (2.2)
where F(x) = O(||x|?) is a smooth function, and it can be expanded into

F(x) = %B(x,x) + %C(x,x,x) + O(||x||4), (2.3)

Page 4 of 24
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where

3

3°Fi(&)
e Cyz) = (&

~ 92F;(&)
Bixy) =Y Y £, 980508

0&; 08

XiYkZl

3
= §=0

Jik=1
fori=1,2,3. From (1.2) and (2.3), we have

—c1(x1y3 + x3y1)
B(x,y) = —c1(%2y3 + X3)2)
Co(X1y3 + X3Y1 + X2)3 + X3)2)

and C(x,7,2) = (0,0,0)7. In Eq. (2.2), if the matrix A only has a pair of pure imaginary
eigenvalues A1, = +ai, @ > 0, and other eigenvalues are negative, there exists a single Hopf
bifurcation. Let g € C” be a complex eigenvector corresponding to the eigenvalue A;, then
we have Aq = iag, Aq = —ig. At the same time, we introduce the adjoint eigenvector p €
C” which satisfies the following conditions:

ATp=—iap, ATp=iap, (pq) =1 (2.4)

The two-dimensional center manifold can be parameterized by w = R? = C, by means of
x = H(w,w), which is written as

_ __ 1 o
H(w, W) = wq + wq + Z e Wit + O(lwl?),
2<j+k<3 o

with iy € C3, Iy = Iy,
Substituting these expressions into (2.2) and (2.3) one has

H,(w, W)W + Hy(w,w)W = F(H(w,w)). (2.5)
The complex vectors /;; are to be determined so that Eq. (2.5) can be written as follows:
1
W =ioaw + §G21w|w|2 + O(|w|4),

with Gy; € C. Solving the linear system obtained by expanding (2.5), the coefficients of the
quadratic terms of (2.2) lead to

hin=-A"B(q,q),  hyo = (2ias - A)"Blq,q), (2.6)

where I3 is the unit 3 x 3 matrix.

The coeficients of the cubic terms are also uniquely calculated, except for the term wrw,
whose coefficient satisfies a singular system for
(il — A)hy = C(q,9,q) + B(q, hao) + 2B(q, hi1) — G g, (2.7)

which has a solution if and only if

(P, C(4,9,9) + B(@, o) + 2B(q, 1) — Ggq) = 0.
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Therefore

G =(p,C(q,4,3) + B(7, (2iaLs — A)'B(q,q)) - 2B(q,A7'B(¢,9))), (2.8)

and the first Lyapunov coefficient I;, which decides, by the analysis of third-order terms at
the equilibrium, its stability, if negative, or instability, if positive, is defined by

1

ll = ) RCGZl.

o

A Hopf point is called transversal if the curves of complex eigenvalues cross the imagi-
nary axis with a non-zero derivative. In a neighborhood of a transversal Hopf point with
L1 #0, the dynamic behavior of system (1.2), reduced to the family of parameter-dependent
continuations of the center manifold, is orbitally topologically equivalent to the complex

normal form
W= (y +ia)w+ Lhw|w|?, (2.9)

w e C, y, w, [; are smooth continuations of 0, @ and the first Lyapunov coefficient at the
Hopf point [28], respectively. When /; < 0 (/; > 0), a family of stable (unstable) periodic
orbits can be found on this family of center manifolds which shrink to the equilibrium
point at the Hopf point.

3 DDE model (1.3)

3.1 Existence of a Hopf bifurcation

In Section 2, we know that ODE system (1.2) has a unique positive equilibrium E". Then
DDE system (1.3) also has a unique positive equilibrium E. The linearization of system
(1.3) at the positive equilibrium E” is

m'(t) = —(dy + oc1x)m(t) + bif (t) — ocm x(t),
() = —aif x(t), (3.1)
X (t)=ocx m(t —1) + cox f(t — T) + alx(t — T) — x(2)).
The associated characteristic equation of system (3.1) is
—di—oB-X by —oam’
0 A —of | =0, (3.2)
ocx e ox e ale?-1)- A
that is,
MO) + N(W)e™™ =0, (3.3)

where

ML) = A3 + moA? + ) + myg, N = myA? + mA + ng,

my=d+oB+a>0, ny=-a<0,
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. aPB(dy + o +02by)

my =a(d; +0p8) >0, m = —ald, + o B) 4 ropiob
1 1

mo =0, ng =apf(d, +opB)>0.

From Section 2.1, we know that the equilibrium E” is locally asymptotically stable in the
absence of delay if o € (1,00). Suppose that A = iw, w > 0, is a root of Eq. (3.3), and sepa-
rating the real and imaginary parts, one can get that

myw? = (ny — nyw?) Cos Wt + Mwsinwrt, (3.4)
®® — mw = mwcoswt — (ny — nNyw?) sinwr. ’
Adding up the squares of the corresponding sides of the above equations leads to
% + po* + qo? +r=0, (3.5)
where
p=n5—2m —ns=(d +0B)*>0,
q=mj +2mmg -1, (3.6)

r=-n}<0.

When ¢ > 0, from Eq. (3.6) we know that Eq. (3.5) has a unique positive root wy. From Eq.

(3.4) we have
2 2 3
lewo(l’lo - 712600) + ”llwo(wo — mywo)
COSwoT = i) 5
(1o — naw)? + (myay)
Thus,
1 mawi (ng — nyw?) + mwo(ws — mwg 2nmw
rnz—cos‘l[ o 0)22 10 02 ) +—, n=0,12,.... (3.7)
wo (no — mywp)? + (mwo) wo

Let A(7) = v(7) + iw(t) be the roots of Eq. (3.3) such that when 7 = 7, satisfying v(z,,) =0

d(ﬁ?) lz=7, > 0. In fact, differentiating both sides of (3.3)

and w(t,) = wg, we can claim that
with respect to 7, we get

dx

[(3A% + 2mah + mm) + 2mah + m)e™™™ — T(mA> + mA +mp)e™" | -

= A(nzkz +mA + no)e’kr,

then

dr

+ p—
A(AZ + mA +ng)e ™ A2 + mA +my) A

(d)\)_l 302 + 2m) + 1y 2 + 1y T

3)\2 + ZVHQ)\. + 2”2)\. + M T
= + —_—
AZ(AZ + mopd +my)  A(maA? + mA +mg) A

20 + my 1’12)L2 — Ny T

+ .
AAZ + mh + 1) A2 + mA +mp) A
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Therefore,

sion d(ReA)
i
£ dr A=iwg

=sign |:Re<d)L )1:|
dr A=iwg

. 20 + 1y A% — ng T
=signiRe + - =
AAZ + mod + 1) A2(maA2 + mA +mg) A hmion

~ i sign{Re|: wi(my + 2woi) . Haw? + Mg :| }
= 2

w} My} + (03 —mwo)i  (ng — mw}) + mwoi

_ L [(mzw% — mo)(mo + maw?) + 23 (w3 — mywo)

w§ (mawf — mo)?* + (03 — myw)?

(no — nyw}) (M + no)
(o — 71260(2))2 + (i’llwo)2
1

=T sign[m%a)g +2w) (a)g - mla)o) + (no - nzw(z))(nza)g + no)]

= % sign[Za)g + (m% —2m - n%)a)f; + n(z)]

1
=< sign[20§ + pog + g |,

where I' = w3 [(19 — nyw?)?* + (mwp)*] > 0. According to the Hopf bifurcation theorem for

functional differential equations [32], we have the following result.

Theorem 3.1 Suppose that o € (1,00). (i) There exists a Ty such that for t € [0,7,) the
positive equilibrium E of system (1.3) is asymptotically stable and unstable when t > 7.

(ii) System (1.3) can undergo a Hopf bifurcation at the positive equilibrium E" when t = 1,
(n=0,1,2,...), where t, is defined by (3.7).

Remark 3.1 It must be pointed out that Theorem 3.1 cannot determine the stability and
the direction of bifurcating periodic solutions, that is, the periodic solutions may exist
either for t > 7j or for 7 < 7, near 7y. Furthermore, we can investigate the stability of the
bifurcating periodic orbits by analyzing higher-order terms according to Hassard et al.
[30] by using normal form theory and center manifold theorem and prove that the Hopf

bifurcation is subcritical and bifurcating periodic solutions are unstable.

3.2 Estimation of the length of delay to preserve stability

We consider system (1.3) and the space of all real-valued continuous functions defined on
[—7, 00) satisfying the initial conditions on [-7, 0]. Taking Laplace transform of the system
given by (3.1)

(s +dy + ocx)im(s) = bif(s) — ocym’%(s) + m(0),

sf (s) = —cif 'X(s) +£(0),

(s + a)x(s) = e ocox” (7m(s) + Ki(s)) + €T cox’ (f(s) + Ky (s))
+ e T a(x(s) + K3(s)) + x(0),

(3.8)
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where

0 0

e () de, Ks(s) = / et x(¢) dt,

T

0
Kl(s):/ e*'m(t) dt, I<2(S):/

T T

and m(s), f(s), x(s) are the Laplace transforms of m(¢), f(¢), x(£), respectively.
Following along the lines of [33] and using Nyquist criterion [34], it can be shown that
the conditions of local asymptotic stability of E* given by [34] are

Im H(ino) > 0, (3.9)

Re H(ing) = 0, (3.10)

where H(L) = M(A) + N(L)e™* = 0, and 1 is the smallest positive root of Eq. (3.10).

We have already shown that E” is stable in the absence of delay when o € (1, 00). Hence,
by continuity, all eigenvalues will continue to have negative real parts for sufficiently small
7 > 0 provided one can guarantee that no eigenvalues with positive real parts bifurcate
from infinity as 7 increases from zero. This can be proved using Butler’s lemma [34], al-
ready stated before. In fact, Egs. (3.9) and (3.10) give

myng — ’78 > =119 COSNoT + (no - nzng) sinnyt, (3.11)

mang = (no — namg) COSNOT + mno sinnot. (3.12)

Equations (3.11) and (3.12), if satisfied simultaneously, are sufficient conditions to guar-
antee stability. We shall utilize them to get an estimate on the length of delay. Our aim is
to find an upper bound 75, on 7y, independent of t, and then to estimate 7 so that (3.11)
holds for all values of , 0 <1 < n,, and in particular at n = no.

Maximizing the right-hand side of Eq. (3.12) subject to |sinnot| <1, |cosnet| <1, we

obtain
myngy < ng —namg + lmlno (12 <0). (3.13)
Hence, if
|| + /12 + dng(my + ny)
0 = - : (3.14)

2(my + ny)

then, clearly, from (3.13) we have o <7,.
From inequality (3.11) we obtain

sinnyT

N3 < my + 1y cosneT —ng + My7o Sin7oT. (3.15)

1o

As E’ is locally asymptotically stable for T = 0, therefore, for sufficiently small = > 0, (3.15)
will continue to hold. Substituting (3.12) in (3.15) and rearranging, we get

mano | .
(no — mang — mam;)(cosno —1) + |:(n1 — many)no + :| sinnot

< ma(my + my) — nomino. (3.16)
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Using the bounds

1
(o — mang — myny)(cos ot — 1) < 30212\ — myn? — mam|,

[(m1 — mana)no + =z

20 ]sinnot < [(m — mana)n? + manglt
(it can be easily shown that n; — myn, is positive), we obtain from (3.16)
QT+ QT < Qs,

where

1
Qi = 513 [no — man? — mom |, Qu = [(m — mam)n? + myno),

2

Qs = my(my + my) — no + MMo.

Hence, if

VQ3+4Qi1Q5 - Q,
2Q;

+

’

then stability is preserved for 0 <t < 7,.

3.3 Direction and stability of a Hopf bifurcation
In Section 3.1, we have obtained the conditions under which a family of periodic solutions
bifurcates from the positive equilibrium of system (1.3) when the delay crosses through
the critical values t,,. In this subsection, we shall study the direction of these Hopf bifur-
cations and the stability of bifurcated periodic solutions arising through Hopf bifurcations
by applying the normal form theory and center manifold theorem introduced by Hassard
et al. [30].

Let u; = m(tt), uy = f(tt), us = x(tt), T = 7, + 1, where 1, is defined by (3.7), u € R, then
system (1.3) can be transformed as an FDE in C = C([-1, 0], R3).

u = Lﬂ(ut) + H(/J“r ut): (317)
where u(t) = (u1,u2,u3)T € R¥*and L, : C — R, H:R x C — R are given respectively by

~di-oB b —ocam'\ [¢i(0)
Lu(q)) = (T, + 1) 0 0 _le* 902(0)
0 0 —a ©3(0)

0 0 0\ (¢u(-])
+ (T + ) 0 0 0] g¢(-1) (3.18)
ocx  cx  al \@3(-1)

and

—0c1¢1(0)¢3(0)
H(p, ¢) = (t, + 1) —c1¢2(0)¢3(0) . (3.19)
ocapi(-1)gs3(-1) + capa(—1)p3(-1)
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By the Riesz representation theorem, there exists a matrix whose components are bounded
variation functions n(@, i) in [-1, 0] such that

0
L= [ 1 dn(0,1)90), ¢ € C([-1,0],R?). (3:20)

In fact, we choose

-di-oB b -ocoam

nO, 1) = (T, + 1) 0 0 —af |386)
0 0 —-a
0 0 0
— (T + 1) 0 0 0]s8(6+1), (3.21)
0Cx X

where §(0) is a Dirac function, then (3.20) is satisfied.
For ¢ € C}([-1,0],R3), define

40) -1<6<0
— do ’ — ’
Ao = { L2 dn(u96(s), 0=0 422
and
0, -1<6<0,
R(p)¢ = { Hu ), 6=0. (3.23)

Then system (3.17) can be transformed into an operator differential equation of the form
u; = A()uy + R(w)uy, (3.24)

where u; = u(t +6), 6 € [-1,0]. The adjoint operator A" of A is defined by

. _ W 0<s<1
A _ =5 3.25
(u)v { 0.0, 50 (3.25)
associated with a bilinear form
(¥(5),0(s)) = ¥(0)¢(0) - / N ¥ (€ -0)dn(0)p(€) dg, (3.26)

where 1(6) = n(6,0), we know that +it,w are eigenvalues of A(0). Thus they are also
eigenvalues of A’. To determine the Poincaré normal form of the operator A, we need to
calculate the eigenvector g of A belonging to the eigenvalue iw, and the eigenvector ¢* of
A’ belonging to the eigenvalue —iwy.
Suppose that g(9) = (1, p1, p2) T €“0? is the eigenvector of A(0) corresponding to iwo. Then
A(0)gq(0) = iwpq(0). It follows from the definition of A(0), (3.20) and (3.21) that

—dl — O’ﬂ — ia)o b1 —oclm* 0
0 _iwg —af q0)=|0
OCyx €0t cox"eTi 0T g(emiw0Tn _ 1) _ g, 0
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We, therefore, derive that

(dy + 0B +iwy) —iwo(dy + 0B +iwg)\ "
bif +iwvgom’ ' c(bif +iweom’) )

61(0) = (11 01, :OZ)T = (Lf

On the other hand, suppose that g (s) = D(1, oy, a3 )el** is the eigenvector of A*(0) corre-

sponding to —iwy. Similarly, we can get

4(0) = DL oyt )—D(l iwg — (dy + 0B +oby) d1+a,8—ia)0)
- y U1, 2 ) = ) .

. ’ ¥ :
iwgo o Ccyx ewotn

In order to assure (g (s),g(8)) = 1, we need to determine the value of D. From (3.26), we

have

,k

q(9

{(1 ay, @)1, p1, p2) /7 1/‘5 . (1,0,0)e i(€-6) dn(@)(l Pl;pz) iEwo d?j}

I
w]

0
{1 + Q101 + a0 — / (1, 1, 2)0€“°% dn(6)(1, p1, pz)T}
-1

=D{1+a&p1 +@p2 + Tae ™ [cox (0 + @1p1) + adzp]}.

Thus, we can choose

D= {1 o1 + 0y + T, [czx*(o +a10) + aag,éz]}fl

Let u; be the solution of Eq. (3.17) when u = 0 and define

z(t) = (q*, ut>, W(t,0) = u,(0) — 2(t)q(0) — z(t)q (0) = u:(9) — 2Re{z(t)q(9)}. (3.27)
On the center manifold C,, we have

W (t,0) = W(z(2),2(2),0),
where

2 52

W (2(6), 2(6), 0) = Wzo(e)% + Wizz + Ww% P

z and z are local coordinates of the center manifold Cy in the direction of g and g, respec-

tively. For the solution u, € Cy, since u = 0, we have

z=iwoz +(7 (0),H(0, W(z,2,0) + 2Re{zq(9)}))
=iwoz + g (0)H(0, W(z,2,0) + 2Re{zq(6)})

= iwoz + g (0)H(0, W(z,z,0) + 2Re{z4(0)})

iz +7 (0)Ho(z,2). (3.28)
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We rewrite (3.28) as z = iwpz + g(z, z) with

z? z? 2’z

2(z,2) = q (0)Ho(z,2) = gzo— + 81122 TEn S g
Noting that u;(0) = (141:(0), u2:(0), u3:(0)) = W(t,0) + zq(0) + zq(0), it follows

g(z, 2) = é*(O)Ho (Zr 2)

—oc1¢1(0)g3(0)
= Dt,(1, 041, @3) —c1¢2(0)¢3(0)
—o a1 (-1)p3(-1) + c2pa(-1)p3(-1)

2iwg Ty, (

=Dr, { [—cl,oz(a +ap1) + Crotptne” o+ al)]z2

(3.29)

+ [~ (p2 + p2) — 11 (P12 + p152) + aca (0 (0 + @2) + 0@ + Aya) |22

=2 2iwgty 2

+ [—01,62(0 +ap) + cage (o + &1)]2
+ {—acl[ 12(0) + Wzo 0)+ < W2 /(0)51 + Wi (0)01]
e W0+ WO+ W0+ W 00
+ 0t2Ca [\/Vl(ls)(—l)ei‘”of" (0 +ap) + %Wz(g)(—l)eiw"’” (o +ay)

1_
+ 586 (0 Wag (1) + Wy (-1))

+ e w0t (o Wl(ll)(—l) + Wl(lz)(—l))] }zzé}.
Comparing the coefficients with (3.29), we have

2iw T, (

0 =2Dt,[—c102(0 + @p1) + Cra228” o+a)ls

g1 =Dtu[-0 (02 + p2) —a1c1(pro2 + p1o2) + Qoo (0 (o + @) + 01y + 1012) |,

go2 = 2D, [—c1p2(0 + @1 1) + 2856”07 (0 + )]

1 1
g = 2Drn{—ac1[w< )(0) + EWz%’(o) + EW(U(O) L+ W (0),01:|

_ 1 o1 _
~Ga [Wf?(om + 5 Wao (0) + 5 W3 (0) + Wf?(omz}
. 1 .
+ QaCy [\/Vl(ls)(—l)e‘”‘)’” (0 +ap)+ 5 Wég)(—l)e“*’of” (o +ay)
1. .
+ 5 dae " (0 Wig (-1) + Wi (-1))

+ozze‘i‘”°T"(aWn)( 1)+ w2 (- 1))“
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In order to determine gy;, we focus on the computation of Wy, (0) and Wy;(0). From
(3.24) and (3.27) we find that

W =iy, —2q +72q

_ | AW —2Re[7 (0)Hogq(9)], -1<6<0,

| AW - 2Re[7°(0)Hoq(0)], 6 =0

AW + G(2,2,6), (3.30)
where
z? z?
G(Z, 2,0) = GzoE + GHZE + G()QE oo (331)

On the other hand, on Cj near the origin

W =W,z + Wz (3.32)
We derive from (3.30)-(3.32) that

(A - 2i1,00) W20 (0) = -G20(0),  AWn(0) = -Gu(0). (3.33)
According to (3.29) and (3.30), we have

G(z,7,0) = -7 (0)Hoq(0) — ¢ (0)Hoq(0)

=-g(z,2)q(0) - g(z,2)g(0), -1<6<0. (3.34)
Comparing the coefficients with (3.29), we can obtain that

Gao(0) = —£209(0) — 8029(0), (3.35)
Gu(0) = —guq(0) — gugq(). (3.36)

Substituting (3.35) into (3.33), it follows that
Wa0(0) = 2it,00 Wao(0) + 8204(0) + 8023(6). (3.37)
We can obtain that

ig204(0) 3023(0) . .
Wio(9) = 2290 oo _ 8024©) inano | p 2iviont, (3.38)
T,Wo 3it,wq

Similarly, we have

0) . g119(0) . .
W11(9) _ .llq( )elrnwoé _ gllq( )e_nnwoe + E2621r,,w09’ (339)
1T,Wo 1T,¢

where

E - (Eil),E?),Ef’)), E, = (E;l),Ef),Egs)).
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Next we focus on the computation of E, E;. From (3.33), we have

0
| n0)20(6) = 201,00 20(6) - Gaol), (3.40)
a1
0
[ an@wae) - -6uo) (3.41)
1
and
—0C102
G20(0) = —2204(0) — g024(0) + 27, —c10102 , (3.42)
arcre” M0 (o + arp)
-0 Re{py}
G11(0) = —gugq(0) — gug(0) + 27, —c1 Re{p1 02} . (3.43)

¢ [o Re{o} + Re{aian}]

Substituting (3.38) and (3.42) into (3.40), then

0
(irna)ol - / elrn@0? dn(@))q(O) =0,

1

0
(—irnwol— / gitm@od dn(9)>21(0):0,

1

we obtain
0 —ac1ps
(2itnwol - / gm0t dn(G))El =21, —c101P2 ,
- Qo Cre” 20 (o + o)
namely
dl + (713 + 216{)0 —bl O'CIWI*

) .
0 2iwg af E
at : * i . _2i
—0Cpx € AT _eo ke 200 gy Dy — ge Hw0Tn

—0C102
=2 —C10102 (3.44)
(XQCZB_ZMOT” (0’ + 0[1)
Similarly, we have
-di-oB b —ooam —o Re{py}
-1 o 0 —of |E=2 —c1Re{f1 o) . (3.45)
—ocx  —cox 0 co[o Re{a} + Refaias)]

Therefore, E; and E; can be determined from (3.44) and (3.45). Then g can be deter-
mined by the parameters and delay. Thus, we can compute the following quantities:

2
€i(0) - ol e,

Y
21,00 <g20g11 lgu 5 B
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~ Re{G(0)) _
S Remy RGO}
o _IM{CI0) + pra Im(X (7))

wo

Theorem 3.2 (i) u, determines the direction of the Hopf bifurcation. If 15 > 0 (< 0), then
the Hopf bifurcation is supercritical (subcritical), and the bifurcating periodic solution ex-
ists for T > 1o (T < 70);

(ii) B, determines the stability of bifurcating periodic solutions. If B > 0 (< 0), the bifur-
cating periodic solutions are unstable (stable);

(ili) T determines the period of bifurcating periodic solutions. If T > 0 (< 0), the period
increases (decreases).

4 Numerical simulation
Examplel Letb; =3,d1=0.1,¢1 =2,¢; =0.5,8 =2,a =0.3, i.e., we consider the following
ODE system:

m'(t) = 3f(t) — 0.1m(t) — 20 m(t)x(¢),
S1@) =f()(B - 2x(2)),
x'(t) = x(£)(-0.3 + 0.50 m(t) + 0.5f(¢)).

(4.1)

From Theorem 2.1 we know o = ¢ =1 is the critical value for the Hopf bifurcation. When
o = 1.2, the positive equilibrium E” = (0.2951,0.2459, 1) of system (4.1) is locally asymptot-
ically stable (see Figure 1); when o = 0.9, there exists a nontrivial orbitally periodic orbit
of system (4.1). From the Hopf bifurcation analysis in Section 2.2 and the numerical result
ly = -0.4047 < 0, the Hopf bifurcating periodic solution is stable (see Figure 2). A typical
strange attractor appears when o = 0.35 (see Figure 3).

0.75 0.60
0.61 0.49
047 0.38
£ 0.33 T 027
0.19 0.16
0.05 0.05
0.0 100 200 300 400 500 0.0 100 200 300 400 500
t t
1.40
1.25
1.26
1.1
e £ 1.00
™ 0.96 X
0.81
853 022
0.66 ’ 0.35 0.27
0.50 0.31
0.0 100 200 t 300 400 500 m(t) f(t)
Figure 1 The positive equilibrium E* = (0.2951,0.2459, 1) of system (4.1) is locally asymptotically
stable when o = 1.2 > 0.
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Figure 2 Stable Hopf bifurcating periodic solutions from E* = (0.3913,0.2478, 1) of system (4.1) when
0 =0.9<0p.
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Figure 3 The strange attractor of system (4.1) when ¢ = 0.35.
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Figure 4 Bifurcation diagrams of system (4.1) for ¢ over [0.1,0.6] show the effect of sex ratio
coefficient o on the dynamic behavior.

Furthermore, we also investigate the effect of the sex ratio o on system (4.1). The bi-
furcation diagrams of o over [0.1,0.6] show that system (4.1) has rich dynamics (see
Figure 4), including (1) periodic oscillating, (2) period-doubling bifurcations, (3) period-
halving bifurcations and (4) chaos. When 0.1 < ¢ < 01 =~ 0.176, system (4.1) experiences
a T-periodic solution (Figure 5(a)). When o > oy, the T-periodic solution leads to a
2T -periodic solution, and there is a period-doubling bifurcation leading to chaos when
0 > 09 &~ 0.284 (Figure 5(b), (c)). When o > o3 ~ 0.426, the chaos suddenly disappears
and a 2T -periodic solution appears, and there is a cascade of period-halving bifurcations
leading to a T-periodic solution when o3 < o < 0.6 (Figure 5(c)-(e)).

Example 2 Letbh, =3,d; =0.4,0 =2.2,¢1 =1.5,¢, =0.4, B =1.6, a = 0.5, we consider the
following DDE system:

m'(t) = 3f(t) — 0.4m(¢) — 3.3m(t)x(t),
f(#) =f#)(L.6 - 1.5x(2)), (4.2)
x'(t) = —0.5x(¢) + 0.88m(t — T)x(t — T) + 0.4f (£ — T)x(¢ — 7).

System (4.2) has a unique positive equilibrium point E* = (0.3565,0.4658,1.0667).
From the results in Section 3, we evaluate that p = 15.3664, g = 0.3945, r = —9.8345,
wo = 0.8767, 19 = 0.1818, and the positive equilibrium point E" is asymptotically stable
when 7 € [0, 79) = [0, 0.1818) (see Figure 6) and unstable when t > 7.

By the theory of Hassard [30], as it has been discussed in the previous section, we may
also determine the direction of the Hopf bifurcation and the other properties of bifurcating
periodic solutions. From the formulae in Section 3 we compute the values of 1, 8, and
T, as

M2 =-6.5132<0, B2 =1.2053 >0, T, =4.0722 > 0,
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Figure 5 Dynamic behaviors of system (4.1). (a): T and 2T-periodic solutions, chaos, 2T and T-periodic
solutions when o =0.17,0.27,0.35,0.47,0.6, respectively. From (a) to (c), there are period-doubling
bifurcations leading to chaos and there is a cascade of period-halving bifurcations leading to T-periodic
solution from (c) to (e).

from which we conclude that since 1, < 0, the Hopf bifurcation of system (4.2) occurring
at 7o = 0.1818 is subcritical and the bifurcating periodic solution exists when t crosses 7
to the left; also since B, > 0, the bifurcating periodic solution is unstable (see Figure 7).

Example 3 We consider ODE system (4.1) with time delays:

m'(t) = 3f(t) — 0.1m(t) — 20 m(t)x(¢),
f1@) = f@)(B - 2x(¢)), (4.3)
x'(t) = =0.3x(t) + 0.50 m(t — T)x(t — T) + 0.5f (£ — T)x(t — 7).

From Example 1 we know that the positive equilibrium E" = (0.2951,0.2459,1) of system
(4.3) is locally asymptotically stable when 7 = 0, and there exists a critical value 7o &~ 0.045
such that system (4.3) experiences the Hopf bifurcation. That is to say, time delay would
make the locally asymptotically stable E* of ODE system (4.1) unstable if we increase the
time delay to some critical value, and a typical periodic oscillation is observed when t =
0.042 (see Figure 8, from left closed to 79 &~ 0.045). The stable Hopf bifurcating periodic
solution of system (4.1) for o = 0.9 would be destroyed, even for a very small time delay,
and a typical unstable periodic oscillation appears when t = 0.001 for system (4.3). The
amplitude of the oscillation is increased with the increasing of the time ¢ (see Figure 9).
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Figure 6 The positive equilibrium E* = (0.3565,0.4658, 1.0067) of system (4.2) is locally asymptotically
stable when 7 =0.15< 7 =0.1818.
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Figure 8 Stable periodic oscillations about E* = (0.3913,0.2478, 1) of system (4.3) when ¢ = 0.9 and

T=0.042.
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Figure 9 Unstable periodic oscillations about E* = (0.3913,0.2478, 1) of system (4.3) when ¢ = 1.2 and
7 =0.001.

When o = 0.35, a typical unbounded oscillation solution is observed for a very small time
delay 7 = 0.001 and time ¢ &~ 101 (see Figure 10). That is to say, a very small delay would
make DDE system (4.3) extinct (unbounded oscillation) undergoing a series of fast-slow
oscillations and destroying the permanence of it, if the corresponding ODE system (4.1) is
chaotic oscillating when o = 0.35. All the analysis shows that the time delay would destroy

the stability of the system, even make the system die out.
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Figure 10 The solutions m(t), f(t) of prey populations tend to -oc (unbounded solutions) when
o =0.35and T =0.001.

5 Conclusion

In this paper, we have investigated a predator-prey system with sex-structure and sexual
favoritism. Firstly, the impact of the sexual favoritism coefficient o on the stability of the
ODE model is studied. From Theorem 2.1, we know the sexual favoritism coefficient o
would determine the stability of ODE system (1.2). In the ecology, sexual favoritism pre-
dation could impact population dynamics differently and affect reduced male and female
densities in the prey. The numerical simulations show that ODE system (1.2) has compli-
cated dynamic behaviors when we change the parameter o, including periodic oscillating,
period-doubling bifurcations, period-halving bifurcations and chaos. That is to say, sexual
favoritism coefficient o would be an important factor to affect the dynamic behaviors of
the system. Secondly, by analyzing the associated characteristic equation, the impact of
the time delay 7 on the stability of DDE system (1.3) is obtained and the explicit formu-
lae, which determine the stability, direction, and other properties of bifurcating periodic
solutions, are also obtained by the Hassard method.

We have obtained estimated length of gestation delay which does not affect the stable
coexistence of both predator and prey species at their equilibrium values. From the nu-
merical simulations, we know that the Hopf bifurcation is subcritical and the bifurcating
periodic solutions are unstable. It is clear that the larger values of gestation time delay
cause fluctuation in population density, and even a very small time delay would make the
system subject to unstable oscillation and extinct. These are harmful delays. How to con-
trol the bifurcation arising from the DDE system? How can one do this if the time delays
make the system subject to unbounded oscillations? The time-varying control strategies
and the impulsive control strategies would be considered [35], which could both improve
the stability of the system and control the amplitude of the bifurcated periodic solution
effectively. We will continue to study these problems in the future.
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