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Abstract: This paper considers a predator-prey model with discrete time delay
representing prey handling time and assumed equal to the predator maturation
period, and a distributed time delay describing intra-species interactions. We
show that due to the delayed logistic growth of the prey, it is impossible for the
species to become extinct through predation. Conditions for existence and local
stability of the co-existence equilibrium are derived in terms of system parameters.
Using techniques of centre manifold reduction and the normal form theory, we
establish the direction of Hopf bifurcation of the co-existence equilibrium, as
well as the stability of the bifurcating period solution. Numerical bifurcation
analysis and simulations are performed to illustrate regions of stability of the
co-existence equilibrium, to investigate how the amplitude and the period of
bifurcating periodic solutions depend on parameters, and to demonstrate different
types of dynamics of the system.
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1 Introduction

Predator-prey models are known to play a very important role in a number of areas of
mathematical biology and ecology, it is therefore no surprise that the classical model of a
single predator-prey species, first proposed by Lotka in 1910 and further investigated by
both Lotka and Volterra, is one of the most universally recognised models in mathematics,
Lotka (1926) and Volterra (1927). Sustaining a healthy and balanced biosphere is not only
biologically important but absolutely crucial to Earth’s biodiversity and arguably necessary
for the survival of the human species. This is evident, as any changes in ecology and
environment can often have devastating and unpredictable effects on the population growth
of many different species (Xu and Liao, 2014). To mitigate this, the Lotka-Voltera family
of models can often be used to study population dynamics, and due to their significance
they can provide a valuable tool in controlling the delicate balance of the ecosystem.
There are many ways of making the classical Lotka-Volterra model more realistic and
tractable both biologically and mathematically, with each addition or extension often leading
to more interesting mathematical results (Xu et al.,2011). One option, is to include some time
delay in the biological interactions (Xu and Liao, 2014). For example, in the classical model,
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the intrinsic time delay for the conversion of biomass from prey to predator population
is ignored. From a biological perspective, the delay could represent the time necessary
to mature or reproduce, i.e., from mating to new offspring, which is further complicated
by the variety of body size growth rates and reproductive capabilities for each individual
within the population (Turchin, 1990). In a similar way, time delays can also be used as a
way to account for the density dependence of the growth rate of several insect and plant
species (Turchin and Taylor, 1992). Some ecologists have also suggested that the inclusion
of a delay could help to explain certain phenomena observed in long population cycles
(Boonstra et al., 1998). Although this practice makes the analysis of these models more
difficult, it broadens the spectrum of possible behavioural regimes and allows for more
realistic results.

Many theoreticians and experimentalists have analysed the stability of predator-prey
systems and, more specifically, have done so with time delays incorporated into the models
(Xu and Li, 2015; Xu and Liao, 2013). Such delayed systems received great attention since
it became fairly obvious that time delays can often have a very complicated impact on the
dynamical behaviour of the system, such as a periodic and chaotic dynamics. In a variety of
specific contexts, it is not only appropriate but also instructive to include time delays in such
models to correctly account for certain individual biological properties of the dynamics.
Time-delayed predator-prey models go back to the early works of Volterra (1927); Volterra
and Brelot (1931), and they have been extensively discussed in a number of monographs,
such as those by Cushing (2013), MacDonald (1978), Gopalsamy (2013) and Kuang
(1993). Main advantage of including time delays lies in the fact that such models provide
higher degree of biological realism, but at the same time they make mathematical analysis
more challenging, as the phase space of time-delayed systems is infinite-dimensional, and
compared to models without time delays they can exhibit a number of complex dynamical
behaviours, such as Hopf bifurcations of multiple equilibria, Bogdanov-Takens bifurcation
and chaos, see, e.g., Xiao and Ruan (2001), Nakaoka et al. (2006), Dadi (2017) for details.
A review by Ruan (2009) surveys a number of predator-prey models with discrete time
delays and different types of functional response, and discusses the distribution of zeros for
transcendental polynomials representing characteristic equations for such models.

Time delays in predator-prey models can represent a number of different biological
features, and their effects on the dynamics also depend on the type of functional response
being considered by Ruan (2009). May (1973) has proposed and briefly discussed a model
with a single discrete time delay in the prey population representing time associated with
growth to maturity. More recently, Song and Wei (2005) have analysed the dynamics of that
system using centre manifold reduction and normal form theory developed by Hassard et al.
(1981). Nakaoka et al. (2006) and Karaoglu and Merdan (2014) have considered the case
when both prey and predators can have different discrete time delays associated with intra-
specific competition, while Faria (2001) has analysed the case when predate is characterised
by two distinct time delays for prey and predator. Yan and Zhang (2008) have studied the
situation where both intra-specific and predation terms are characterised by the same discrete
time delay. Yan and Li (2006) and Yuan and Zhang (2010) have investigated stability and
a global Hopf bifurcation in the case where predation is instantaneous, but intra-specific
terms have equal discrete time delay.
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In this paper, we consider a predator-prey model with discrete and distributed time
delays of the form

1(t) = 21 (1) [rl = an /_ ; Pt — 8)21(s)ds — arswa(t — T)] ,
Ba(t) = 2 (t) {—rg +aman(t — 1) — az /t

— 00

ey
F(t— S)l’z(S)dS:| .

Here, 21 (t) and z3(t) denote the population densities of prey and predator at time ¢,
respectively, 71 > 0 is the constant growth rate of the prey in the absence of predation,
a1 > 0 is the self-regulation rate for the prey, a;o > 0 is the rate of predation, ro > 0 is
the constant death rate of the predators when there is no prey, ag; > 0 is the conversion
rate for predators, and ass > 0 is the intra-specific competition among the predators. The
discrete time delay T represents prey handling time (or hunting delay), which is taken to be
the same as the predator maturation time (c.f. the work by Faria (2001) where they were
taken to be distinct, but that work assumed instantaneous intra-specific interactions). F'(-)
is a non-negative continuous delay kernel defined and integrable on the interval [0, co0),

F(s) > 0fors >0, / F(s)ds =1,
0

which describes intra-specific competition, i.e., weighting of available resource with respect
to past prey and predator densities. For simplicity, this kernel is taken to be the same for
both prey and predators. In the trivial case 7 = 0 and F'(s) = d(s), the system (1) reduces
to a Lotka-Volterra system with logistic growth in prey. Several related models have already
been studied in the literature. Song amd Yuan (2006) have analysed the situation when
the intra-specific terms are instantaneous, while the predation term is represented by a
discrete time delay in the prey equation and a distributed delay in the predator equation.
Ma et al. (2009) have considered a model where both intra-specific and predation terms all
have the same discrete time delay, and the prey population has an additional intra-specific
competition term with a distributed delay. Xu and Shao (2012) have recently analysed a
model where predation term in the prey equation and an intra-specific predator competition
have the same discrete time delay, and the predation term in the predator, as well as an
intra-specific prey competition have the same distributed delay.

As it has been mentioned above, several authors have considered the delay kernel in
the form of Dirac -function, which results in an intra-specific competition which is either
instantaneous or has a discrete time delay. Another biologically realistic choice for the delay
kernel is given by a gamma distribution (Cushing, 2013)

Spflapefas

F(s) = W,

@)

for some integer power p. Models with gamma distributed time delay have been originally
proposed in the context of population biology (Blythe et al., 1985; Cooke and Grossman,
1982; Cushing, 2013) and have subsequently been used to study intracellular dynamics
of HIV infection (Mittler et al., 1998), epidemics (Blyuss and Kyrychko, 2010), neural
network (Rahman et al., 2015), traffic dynamics with delayed driver response (Sipahi et al.,
2007) and time-delayed feedback control (Kyrychko et al., 2011, 2013; Xu and Li, 2018).
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The mean time delay for a gamma distribution is given by

T = / sF(s)ds = p/a,
0

so the distribution parameter « plays the role of the inverse time delay. For a particular
choice of p = 1 known as the weak kernel, gamma distribution becomes an exponential
distribution

F(s)=ae ™, a>0, 3)

with the largest contribution to intra-specific competition coming from the present values
of prey and predator densities. When p > 1 (which in the case of p = 2 is usually referred
to as the strong kernel), the largest contribution comes from prey and predator densities
evaluated att — (p — 1)/av.

The outline of this paper is as follows. Section 2 presents linear stability analysis of the
steady states of the system (1) with a weak distribution kernel and established conditions
for the existence of Hopf bifurcation of a co-existence steady state. In Section 3, explicit
formulae are derived for determining the stability of the bifurcating periodic solutions and
the direction of the Hopf bifurcation using the normal form theory and the center manifold
reduction. Section 4 contains results of numerical simulations of the model, and the paper
concludes in Section 5 with discussion of results.

2 Steady states and linear stability analysis

In the rest of this paper we will be concerned with the analysis of system (1) with the weak
kernel (3). It is possible to convert a scalar delay differential equation with a distributed
delay into a non-delayed system of equations by using the so-called linear chain trick
described in MacDonald (1978). The linear chain trick allows one to replace the system
with distributed delays by the system of ordinary differential equations. Suppose that F'(s)
in (2) is a general gamma distribution, and let

t
x3(t) = / e =) (5)ds,

—00
. “
x4(t) = / e =) 1 (s5)ds.
Differentiate x3(t) and x4(t) in (4) with respect to ¢
¢
i3(t) = ax(t) — / a?e™ =)y (s)ds = alzi(t) — z3(t)],
®)

t

i4(t) = amy(t) — / a2e™ =) 1o (5)ds = afwa(t) — x4(t)).

— 00
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The model (1) with gamma distributed kernel now becomes
il(t) = 1‘1(t)[7"1 — aul'g(t) — a12m2(t — ’7')],

j?g(t) = $2(t)[—’f'2 + a211‘1(t — T) — a22x4(t)],
(6)
L3(t) = alz1(t) — 23(t)],

.i’4(t) = a[l'g(t) — $4(t)].

The system (6) has at most three equilibria: a trivial steady state EY = (0,0,0,0)
corresponding to extinction of both prey and predators, a single-species steady state £ =
(r1/a11,0,71/a11,0) characterised by the absence of predators, and a non-trivial steady
state B* = (x7f, 3, x%, «}) with

1022 + T2a012

* *
Ty =3 = —————,
11022 + A12G21

T1a21 — T20a11

ry=x, = ———
2 =Ty = -
11022 + a12a21

The co-existence steady state £ is only biological feasible if the following relation between
system parameters holds

r1a21 > roQ11.- (7)

As a first step, we analyse the stability of the trivial steady state EY = (0,0,0,0). The
characteristic equation of the linearisation near this steady state is given by

A=r) A+ 7r2)(A+a)* =0,

which immediately implies that this steady state is unstable for any values of system
parameters. Biologically, this means that provided one starts with non-zero numbers of
prey and predators, it is impossible for both the prey and predators to become extinct,
independently of the strength of predation. The reason behind this is the fact that in the
absence of predation, prey experience logistic growth with time-delayed intra-specific
competition, and this is what keeps them away from extinction, and in turn provides resource
for predators.

Similarly, the characteristic equation of the linearisation of the system (6) about the
single-species steady state Y = (r1/ai1,0,71/a11,0) has the form

A oA + DA + boX + by = 0.

where by = 2a0 — I3, by = o? — (212 + l1)Oz, by = (lg — Oé)Oéll — ZQOZQ, by = l1l20&27
li=—-1r1, I = %Tl — 1. Using Routh-Hurwitz criterion (Murray, 2002), conditions for
stability of the steady state ES can be found as follows

By=2a—13 >0,

Bl = 2(0& - l2)2 - lla > 0,

By = (2a — ll)(a — lg)(l% — (l1 + 12)04) > 0,
B3 = l112a2 > 0.
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Since r1 > 0, this implies that /; < 0, which implies B; > 0 for any parameter values. In
the light of this, the only possibility to satisfy the condition B3 > 0 is by requiring l5 < 0,
which then implies that By > 0 and By > 0. Hence, for stability of the steady state EY it
is necessary and sufficient to require

lg <0= riasr < roaQiq.

It is noteworthy that this condition for stability of the single-species steady state EY is
independent of the time delay 7 and the inverse mean time delay a. It is also the condition
that ensures the co-existence steady state £/* is not biologically feasible, as determined by
the condition (7).

Next, we assume that the condition (7) is satisfied and consider the co-existence
equilibrium E*. Linearisation of the system 6 near this steady state E* yields the following
characteristic equation

A4 poA’ + piA% + pad 4 p3 + (A + @A + g2)e” T =0, ®)
where
po =20, p1 = o® — a(mg +n4), py = 502(m3 + n4), p3 = a*many, ©)
do = —M2n1, @1 = —2amani, g2 = —Q“Mang.
and
My = —a1277], M3 = —A117], N1 = A21T3, Ny = —A22T,

In the case of instantaneous intra-specific competition (7 = 0), the characteristic equation
(8) reduces to

A+ poX® + (p1 + qo) A + (p2 + )X + (p3 + g2) = 0. (10)

By using the Routh-Hurwitz criteria, we have the following necessary and sufficient
conditions for all roots of the equation (10) to have negative real part

Hl =po > Oa

Hy = po(p1 + qo) — (p2 +q1) >0,

Hs = pol(p1 + q0)(p2 + ¢1) — po(p3 + q2)] — (p2 + ¢1)* > 0,
Hy=p3s+q2>0.

Since pg = «, this means that the condition H; > 01is always satisfied. Using the definitions
of p; and g; in equation (9), one can find

Hy = o?[2a — (m3 +n4)] >0, Hy = a®(msng —mang) >0,
and
Hs = —a? [2&2(7713 +n4) — a(msz — ng)? — 2many (ms + n4)] > 0.

This means that whenever the co-existence steady state E* exists, it is linearly
asymptotically stable for 7 = 0.
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Now that it has been established that the steady state I* is linearly asymptotically
stable for 7 = 0, the next question is whether this steady state can lose stability for 7 > 0.
Substituting A = 0 into the characteristic equation (8) gives the left-hand side as ps + g2,
which is always strictly positive. This means that a steady state bifurcation of E* cannot
happen, hence, the only possibility for the steady state E* to lose stability is via Hopf
bifurcation, in which case a pair of complex conjugate roots crosses the imaginary axis for
some value of the time delay 7. To identify this critical value of the time delay, we look for
roots of the characteristic equation (8) in form A = iw (w > 0). Substituting this into the
characteristic equation (8) gives

w* —ipow?® — prw? + ipaw + p3

an
+(—qow? + iq1w + q2) [cos(2wT) — isin(2wT)] = 0.
Separating this equation into real and imaginary parts yields
wh — prw? + p3 = (gow? — ¢2) cos(2wT) — qrwsin(2wT),
12)

pow® — pow = (q0w2 — ¢2) sin(2wT) + qrw cos(2wT).

Squaring and adding both sides of the above system, we have the following equation for
the Hopf frequency w

W+ sOwG + 51w4 + 52w2 +s3 =0, (13)

where so = p§ — 2p1, s1 = i + 2ps — 2pop2 — 3. S2 = D3 + 2qoq2 — 2p1p3 — 43, S3 =
p3 — q3. Introducing an auxiliary variable z = w?, the equation (13) can be recast in the
form

h(z) = 24+ 502° + 8122 4 892+ 83 = 0. (14)
Differentiating function h(z) gives

dh(z
% =422 + 35022 4+ 2812+ s9 = g(z).
Using Cardano’s formulas, the roots of g(z) can be found as follows,

21 =K1+K2—%07
7K1+K2 380+i\/§

2TTTTy T T Ty
K+ Ky 3sg V3
3 2 12 2 (K1 — Ka),

(K1 — K), s)
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where

and

_ 2451 — 93% n_ 216s9s1 — 43259 — 5458

D= 3 2
@+E,Q 144 3456

When D > 0, the equation g(z) = 0 has one real root, namely, z; = z; and two complex
conjugate roots; if D = 0, then all roots of g(z) = 0 are real, and at least two are equal,
namely, 27, z5 = 23, where 2z = max{zi, 22 };if D < 0, then all roots of g(z) = 0 are real
and distinct, namely, 27, 25, 25, where 2§ = max{z1, 22, 23}

Using Lemma 2.2 in Li and Hu (2011), we now have the following

Lemma 1:
1) If s3 < 0, then equation (14) has at least one positive root.

2) If s3 > 0, then equation (14) has no positive roots if and only if one of these conditions
holds:

(@) D>0and 2y <0; (b) D=0and z; <0; (¢) D <0and z; <0.

3) If s3 > 0, then equation (14) has at least one positive root if and only if one of these
conditions holds:

(a) D >0, 25 >0, and h(z27) < 0; (b) D =0, 25 > 0and h(z3) < 0;
(¢) D <0, z5 >0and h(z3) <O0.

Without loss of generality, let us suppose that equation (14) has four distinct positive real
roots, given by z1, 29, z3, 24. Inthis case, equation (13) also has positive real roots, namely,

w1 = /21, w2 = /22, w3 = /23, Wy = /24

Returning to the system (12), one find the critical time delay 7 as follows

Q1wn(wﬁ—lei,+P3)+(¢Zow,27,—Q2)(Powi—mwn)} “rjﬂ'} 7

1
i = 5= |arctan :
Tnj = 2w, [a cta {qlwn(poo&—pzwn)-i-(qowi—qz)(wﬁ—p1W?L+p3)

where n =1,2,3,4,  =0,1,2,.... Then 7, ; are solutions of (11), and A\ = +iw,, are a
pair of purely imaginary roots of the characteristic equation (8) with 7 = 7, ;. If we define

TO = Tny,0 = 121’1324{7'7170}, W = Wny, ng € {1, 2, 3, 4},

then 7 is the first value of the time delay 7 such that the characteristic equation (8) has
purely imaginary roots.
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Let A(7) =~(7) £iw(7) be the root of the characteristic equation (8) in the
neighbourhood of 7 = 7, ;, satisfying V(7. ;) =0, w(Tn ;) =wn,n=1,2,3,4, j =
0,1, 2.... Then the following result holds.

Lemma 2: Suppose h' (z,) # 0 (n = 1,2,3,4), where h(z) is defined by equation (14),
then the following transversality condition holds:

sgn {W} = sgn[h (zn)] # 0.

T=Tn,j

Proof:  Substituting A = A(7) into the characteristic equation (8) and taking derivative with
respect to T gives

{d/\(T)}_l (AN 43poX £ 2pA £ o) AT 4 2900+ T
dr 2 (qO/\2 + @A+ qz) A A

Taking real part of this equation, one obtains

dRe{A(1)} | ! (42343 po A2 +2 p1 A+p2)e® X T2 go A+
—_— = Re

dr 2(qoA%+ g1 A+ q2)A
T=Tn,j

T=Tn,j

(4 wn’qo—4wr2q2—2p1wn>qo+2p1wn g2+3 qrwnpo—qiwn pz) cos(2wn Tn,j)
2(q12wn?+q0%wnt =2 qown?q2+q2?)wn (16)

(3 90wn*Po—3 g2pown’ —qown P2 +42p2 —4 q1wn  +2 q1wn *p1) sin(2wn T ;)
2(q1%wn?+q0%wn? =2 gown2q2+q2?)wn

+ —2q0°wn>+2 qown g2—q1°wy
2(q12wn?+q0%wnt—2 gown?q2+q22)wy

Solving equation (12) yields

1w (PowS —pawn)+(gow? —g2) (Wi —p1wi +p3)
Fw? +(gow2 —q2)? ’

cos(2wp Ty ;) =

qrwn (W) —p1w? +p3)+(qow? —g2) (Pow? —pawn)
Giw2 +(qow2 —g2)? :

sin(2w, 7y, ;) =

Substituting these values together with the definitions of p; and ¢; from (9) into equation
(16), we find

-1
{%}777 = %[4(%6 + (6042 +6ang + 60zm3) wp?
=Tn,j
+(2 a* +4a3ny +4a’ms + 2a2n4? + daPmsng — 2n1°me2a2msng
+2 a2m32)wn2 —2n12ma2atmang + a*ng?® + atms? + 2 a4n4m3]

= %[422 + 35022 + 2812 + 82] = %h/(zn),
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2 . .
where & = 2a?nim3nams (a? + w?)". Sinceny < 0andmg < 0, this implies that k > 0,
and, therefore,

= sgn[h'(2,)] #0,

I sgn Hh,(zn)}

T=Tn,j

which completes the proof. O

The above analysis can be summarised as follows.

Theorem 3: Suppose condition (7) holds. Then the co-existence steady state E* is
biologically feasible, and we have the following.

e The co-existence steady state E* is linearly asymptotically stable for any values of
the time delay 7 > 0 if s3 > 0 and one of these conditions holds:

(a) D>0and 2y <0; (b) D=0and z; <0; (¢) D <0and z; <0.

e  The co-existence steady state E* is linearly asymptotically stable for T € [0, 71¢) if
s3 < 0, or if s3 > 0 and one of the conditions below holds:

(a) D >0, 2§ >0, and h(z}) < 0; (b) D=0, z5 > 0and h(z5) < 0;
(¢) D< 0z >0andh(z3) <0.

If additionally the condition of Lemma 2.2 holds, the co-existence steady state E*
undergoes Hopf bifurcation at T = 1.

Figures 1 and 2 illustrate regions of stability of the co-existence steady state £* in the (7, &)
parameter plane, they are show that the maximum real part of the characteristic eigenvalues
computed using pseudospectral approximation and implemented in the traceDDE suite
(Breda et al., 2006). These figures suggest that increasing the rate of prey self-regulation
a1 or decreasing the rate of predation a2 leads to an increase in the size of the parameter
region where the steady state F/* is stable. Although the analysis presented earlier suggests
that it may be possible for the steady state E* to regain stability for higher values of the time
delay through further Hopf bifurcations, numerical computation of the eigenvalues shown
in Figures 1 and 2 suggests that this does not happen, and once stability is lost, this steady
state remains unstable for arbitrarily large values of 7.

To better understand the behaviour of the system after Hopf bifurcation, we have used a
numerical bifurcation software DDE-BIFTOOL to perform continuation of periodic orbits
emerging at the Hopf bifurcation of E*. These results are shown in Figures 1(c), 1(f)
and 2(c), 2(f), and they suggest that once F* undergoes Hopf bifurcation, both amplitude
and period of the bifurcating periodic solution are growing with increasing discrete time
delay 7.
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Figure 1 (a), (b), (d) and (e) Stability region for the steady state E™ in the (7, o)-plane, colour
code denotes [— max[Re(\)]] for max[Re(\)] < 0. Parameter values are 71 = 1,
T2 = 1, aiz = 0.6, a1 = 2, agz2 = 0.5. (a) ail = 1, (b) all = 1.2, (d) ailr = 1.4,
(e) a11 = 1.6, (c) and (f) illustrate the amplitude and period of periodic solutions,
respectively, for & = 5 (see online version for colours)
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Figure 2 (a), (b), (d) and (e) Stability region for the steady state E™ in the (7, )-plane, colour
code denotes [— max[Re(\)]] for max[Re(A)] < 0. Parameter values are r1 = 1,
Ty = 1, ail = 1 ,a21 = 27 azg = 0.5. (a) a2 = 0.4, (b) alg = 0‘32, (d) alg = 0.29,
(e) a12 = 0.26, (c) and (f) illustrate the amplitude and period of periodic solutions,
respectively, for a = 5 (see online version for colours)
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3 Direction and stability of Hopf bifurcation

In this section, we investigate properties of the Hopf bifurcation of the coexistence steady
state £*, namely, its direction, the period of oscillations, as well as stability of the bifurcating
periodic solution for the system (6) at the critical value 7. To make analytical progress,
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we employ the methodology of centre manifold reduction and normal form analysis, as
discussed in Hassard et al. (1981).

We begin by rescaling time as Z;(t) = x;(7t) and consider 7 = 7¢ + o, where 7¢ is the
critical value of the time delay at which the steady state £* undergoes Hopf bifurcation,
and o € R. Then the system (6) transforms into a functional differential equation in C' €
C([—1,0], R*) as follows

Now, we rescale time by T; (¢) = x;(7t) and consider 7 = 7¢ + o, where 7 is the value
of the time delay at which the steady state £* undergoes Hopf bifurcation, and o € R. Then
the system (6) transforms into a functional differential equation in C' € C([—1,0], R*) as
follows

Z(t) = L, (T4) + F(o, ), 17)

where T(t) = (71 (t),T2(t),73(t), T4(t))T € R* and L, : C - R, F:Rx C — R are
given below:

Ly¢ = L19(0) + Lap(—1),

where L and Lo are

00ms 0 0 my00
Li=(1t9+0) 28_0(1764 ’ Ly = (10 +0) 7(1)1 888 ’
0a 0 —a 0 000
and
—a1101(t)P3(t) — a12¢; (t)do(t — 1)
F(o,6) = (0 +0) az1¢05(t) o (t — ())— a2905(t) Py (t) 7

0

where ¢(0) = (¢,(0), d5(0), ¢5(0), $4(0))T € C. By the Riesz representation theorem,
there exists a function n(6, o) of bounded variation for § € [—1, 0], such that

0
Loo= [ W(0.0)0(0).  forgeC.

‘We can choose

1(0,0) = L16(0) — L20(6 + 1),

where §(0) is the Dirac delta function defined as 0(6) = {(1)’ ng’ For ¢ €
C*([-1,0],R%), we define

de (0

9, 6 [-1,0), 0, 0¢l-1,0),

Ao)g = R(0)¢p =
[°, dn(s,0)6(s), =0, F(o,¢), 0=0,
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which allows us to rewrite the system (17) as follows,

it = A(O’)Et —+ R(O’)ft,

where 7 (0) = Z(t + ), for 6 € [-1,0).
For any function ¢ € C1([0, 7], (R*)*), we define
dy(s)
— 1
P s € (0,1],

A%(s) =

0

[ aneom 0, s=o
1

and a bilinear inner product

—T

o 0
(¥(s),0(0)) =¥ (0)<z5(0)—/_1 gzow (€ = 0)dn(9)p(E)dE,

where we have used an abbreviation 7(¢) = 7(6,0). It follows that A = A(0) and A*
are adjoint operators. We know that +iwg7( are eigenvalues of A, hence, they are also
eigenvalues of A*. As a next step, one has to compute the eigenvectors of A and A*
corresponding to iwT and —iwT, respectively. Direct computations yield the following
result.

Lemma4: ¢(0) = (1, p1, p3, p3)7e™% and q*(0) = D(1,pi, p5, p3)e™7° are
eigenvectors of A and A* corresponding to eigenvalues iwoTo and —iwgTg, respectively,
and {q*(s),q(0)) = 1 and (g*(s),q(0)) = O, where

(iwp + a)nge~twoTo o nqae”woTo
Pl = — : Py = - P3 = — .
! (iwg + @)iwg — any’ 27 dwp+a’ B (iwg + @)iwg — any’
(iwo(a — iwp) + amy) m on
* 0 0 2 x _ 2 x _ Po™3
P1L = — . WoT , P2 = . y P3 = —= 5
na(a — iwg)e oo o — iwy Wy — o

and

1
L+ 51p} 4 Paps + PP + To(pyma + ping Jeiworo”

As anext step, we use the methodology described in Hassard et al. (1981) (see also Ma et al.
(2009), Song amd Yuan (2006) and Xu and Shao (2012)) to compute the coordinates
describing centre manifold C at o = 0. Let Z; be the solution of equation (17) when o = 0
and define

2(t) = (" 7), Wt 0) =T (0) — 2Re[2(t)q(0)]- (18)
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On the centre manifold Cy we have

W(E.0) = W(:0),5(0.0) = Wao(0)5 + Wia (0):% + Won(6) 5+ .

where z and Z are local coordinates for centre manifold C in the directions of ¢* and G*,
respectively. Note that W is a real when Z; is real, and we considering only real solution
Ty € Cy of equation (17), since o = 0, we have

Z(t) = iTOWOZ + 9(2,2)7

where
_ 22 _ 72 2%z
9(273)29205 +911ZZ+9023+9217+~-~- (19)

Then,
JN— _
9(2,Z) = q* (0)F(0, z,%)

= 70D[—a11¢1(0)¢3(0) — a12¢(0)¢o(—1)] 20)
+70Dpilaz2102(0)¢1(—1) — a22$5(0)¢4(0)].

On the other hand, equation (18) indicates that
74(0) = W(z,%,0) + 22q(0) + 2zq(0),
from which we have

2
Ou(0) = pyyz + i iZ + Wag (05 + WiD (022
W5 (07 +0((=2)F).  (k=1.2.3.4),
=1 = proye0TOz 4 €T 7 + Wig (-5 + Wi (-1)2z
+Wid (D5 +0((=2)F),  (1=12),

2

where Po = ﬁO = 17 ¢ = ((z)lv ¢2; ¢33 ¢4)a W= (W(l)a W(z)a W(S)a W(4))
Substituting equation (21) into equation (20) and matching the coefficients in this
expressions with those in (19) yields

—iono —iono

920 = 210D [PMTQCHQB — p1@12€ — P2011 — 0171022] )
911 — 7_05 ma21(pleiWQTo _i_mef’iW()To) _ a12(meinTo + plefinTo)

—a11(py + Pz) — aza(p1p3 + /71/’3)}

, o , o L,
10T — prae’ 070 — prajy — py-paazs]

go2 = 27'03[?12@16
— E —_— 2 W(l) -1 —W(l) -1 iwo‘row(z) 0
921 = ToDq Pras1 |2p, Wiy’ (=1) + p1Wyy'(=1) +e 20 (0)
+2e=0mo WP (0)]
a3 [2W1 (=1) + WD (<1) + preiomo Wi (0) + 20,7070 W (P (0)]
1 3 (1 1
—an 2W1(1)(0) + W2(0)(0) + P2W2(0)(0) + 2P2W1(1)(0)}

—prazs 20 WL (0) + piWAP (0) + 2W5) (0) + 20, W17 (0)] }



442 B. Rahman et al.

In order to determine go1, we need to find Wy, Woq. The detailed calculation procedure
can refer to Appendix 1. Thus, we can compute the following important quantities:

. 2
c1(0) = 2w:)7'0 (911920 —2[g11]* - |9032| ) + %7
_ Re{ci(0)} B
S ey 270 @
T, — Im{c1(0)} + poIm{A (70)}

woTo

which determine the characteristics of the bifurcating periodic solution at 7 = 7¢. More
specifically, 1, shows the direction of the Hopf bifurcation, i.e., the periodic solution is
supercritical (subcritical) if py > 0 (g < 0), and the bifurcating periodic solution exists
for 7 > 7o (T < T¢); B determines the stability of the bifurcating periodic solution: the
bifurcating periodic solutions are stable (unstable) if 5, < 0 (85 > 0); T, shows the period
of the bifurcating periodic solutions: the period increase (decrease) if 7o > 0 (T3 < 0).

4 Numerical simulations

From the analysis in Section 3, it follows that once the values of ¢, 3, a;5, (4,7 = 1,2) and
70 are known, it is possible to compute the values of 11, and 3, which show the direction and
stability of the periodic solutions bifurcating from the positive equilibrium £* at the critical
value of the time delay 7 = 7. Fixing the mean time delay of the gamma distribution as
Tm = 0.2, 1.e., &« = 5, we consider the following system:

xl(t) = 1’1(t)[]. - (ﬁg,(t) - 061’2(t - ’7')],

j?g(t) = l‘l(t)[—l + 21‘1(t — 7') — 0.5$4(t)],
(23)
L3(t) = 0.5[z1(t) — w3(t)],

24(t) = 0.5[ma(t) — 24(2)],

This system has a positive equilibrium E* = (0.6471,05882,0.6471, 0.5882) that satisfies
the conditions of Theorem 3. For the given parameter values, we have zg = 0.728, wg =
0.530, h'(z0) # 0, 179 = 1.388, N (t0) = —0.498 — 0.053i. From the formulae (22), it
follows that ¢1(0) = 45.666 — 1.3704, puy = 91.570, 85 = 91.331 and T» = 8.505. Thus,
E* is stable when 7 < 79, as shown in Figure 3. When 7 passes through the critical value
To, " loses its stability via Hopf bifurcation, i.e., a family of periodic solutions bifurcates
from E*. Since p5 > 0and 3, > 0, the Hopf bifurcation is supercritical, and the bifurcating
periodic solution is unstable, as shown in Figure 3.
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Figure 3 Numerical solution of the system (23) for 7 = 1.1 (a), and 7 = 2 (b). The critical time
delay is 79 = 1.388 (see online version for colours)

time(t)

5 Conclusion

In this paper we have analysed a predator-prey model with discrete and distributed delays.
For particular case of a weak gamma distributed delay we have shown that it is not possible
for both prey and predators to become extinct, while the single-species steady state is
stable independent of time delays whenever the co-existence steady state is not feasible.
For the co-existence steady state we have derived conditions for linear stability and Hopf
bifurcation in terms of system parameters. Using normal form theory and the centre manifold
reduction, we found the direction of Hopf bifurcation and derived the conditions for stability
of bifurcating periodic solutions. Numerical simulations have been performed to illustrate
different types of the dynamics in the system, and they show perfect agreement with the
analytical analysis.

The analysis presented in this paper can be extended in several directions. In the model
we considered, the predation term was chosen to be monotonically growing with the delayed
prey density, and in some cases it may be more realistic to allow for other non-monotone
forms of the response (Hsu et al., 2001; Ruan, 2009). Another possibility is to allow predation
terms to be themselves represented by some delay distributions rather than discrete delays,
in a manner similar to Song amd Yuan (2006). Besides ecological applications, analysis
presented in this paper can also be used for investigating other systems underpinned by a
similar type of interactions, such as those arising in mathematical neuroscience (Li and Hu,
2011; Zhou et al., 2009).
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Appendix A

In this section we show how one can compute Wao(#) and W14 (). From equations (17)
and (18)

. AW — 2Re[q*(0)Fpq(0)] forf € [-1,0),
W =d,—2q—2q=

AW — 2Re[q*(0)Foq(0)] + Fyfor 6 =0, (A1)
def _
= AW + H(z,%,0),
where
22 z2
H(Z,Z,o) :H20(9)5+H11(9)Z§+H02(0)?+ (A2)

On the centre manifold Cy near the origin we have

W =W,z + Wsz.
Expanding the above series and comparing the corresponding coefficients, we obtain

(A — 2iwoTo)Wao(0) = —Hao(0),  AW11(0) = —H11(0). (A3)
Equation (A1) implies that for § € [—1,0), one has

H(z,%,0) = —¢%(0) Foq(0) — ¢"(0)Foq(0) = —gq(9) — ga(0).
and comparing the coefficients with (A2) gives

Hao(0) = —g20q(0) — 902q(0), (A4)
and

Hi1(0) = —g119(0) — 911q(9). (A5)

From equations (A3) and (A4), and the definition of A, one can find the following equation
for WQO (9)

Wao(0) = 2iwoToWao(0) + g20a(0) + Fo20(0)
Substituting q(6) = (1, py, py, p3) L €070 yields

i , id . )
WQO(G) = W‘Zi—oo q(o)ezwm'o@ + 3:;(;)72-06(0)6—1on09 + EleQLW[)TOG, (AG)

where F} = (E%l)7 E%Q), EF’), E§4)) € R* is a constant vector.
Similarly, from equations (A3) and (A5) we can obtain

ig11 q(O)eion‘)e I 7197116(0)6—1'0)0700 + B, (A7)

Wi1(0) = —
woeTo woTo
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where Fy = (Eél)7 EéQ), Eé?’), E§4)) € R* is a constant vector.

Explicit expressions for F; and F5 can be found as follows. From the definition of A
and the above equations we have

0
/ dn(@)WQO(H) = QiTOWOWQO (0) — HQ()(O), (A8)
—1
and

0
/ dn(O)W1(6) = —H1 (0), (A9)

-1

where 7(0) = 1(0, 8). From equation (A3), one can find

—ai1py — ajzp e w0
_ a e~ "oTo — g,
Hao(0) = —g20q(0) — Gop@(0) + 27 | “1/1° 7 T =Ml (A10)
0

and

—a11Re{p,} — azRe{p e~}
_ az1Re{p,e7"070 } —agoRe
H11(0) = ~gna(0) — 7,17(0) + 27 | @R manReAnmb |y
0

Using the relations

0
(inTOI —/ eie‘*"’mdn(ﬂ)) q(0) =0,

-1

0
(—ion()I - / e‘ieonOdn(9)> 6(0) =0,

-1

and substituting expressions (A6) and (A10) into equation (A8) gives

—ai1py — arzpre” T
, O i ag1pre” 070 — agpp
2’&7’0&)0] —/ e’ WOTOdn(G) E1 = 2’7’0 1 0 173
-1
0
This can be written explicitly as the following linear system for E;:
2iwg —mage 20T0 _my 0 —ai11p; — a12p e 1070
_n16—21w070 2iwg 0 —MN4 B, =2 a21ple—lw070 — a22p,P3
—Q 0 2iwo + « 0 0

0 - 0 2iwo + « 0
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Using Cramer’s rule, individual components of F; can now be found as

A11 2 A12 3 Al?) 4 A14
@ _ L1 pe S pa S

BN =2 E
! Ay’ Ay’ Ay

In a similar way, substituting (A7) and (A11) into (A9) yields

—anRe{p,} — araRe{p e 00}

0 —iwoTol _
(/ dn(e)) By = 270 a1 Re{p; e 0} azaRe{pyps} 7
-1

0

which gives the following system of equations for Fs:

0 —mg—ms3 0 —allRe{pg}_ — ajaRe{p e~ o0}
-n; 0 0 —ng B o a1 Re{p;e 070} — agoRe{p,p3}
—a 0 a 0 2 0

0 —a 0 « 0

The solution can be found as

A 2 AG 3 Aos 4 Aoy
g _ B2 _ 3 _ Y _
2 AQ ’ 2 AQ ’ 2 AQ ’ 2 AQ )
where
21wg —mge 20T g 0
A, — 777,16721.“)07—0 2iwg 0 —MNy
1= — 0 Qiwg +a 0 ’
0 —« 0 21wy + «
—ai1py - a12p167iw070 _m2672iw070 —mg 0
A — 9 a21p1€~ 070 — a3 2iwg 0 —ny
t 0 0 2iwg +a 0 ’
0 —« 0 21wy + «
2iwg —a11P9 — algpleﬂ"”““’ —mg3 0
Ao — 9 _n1€72iw070 a21p167iw0‘ro — agep;ps 0 —ny
12 —a 0 2iwg +a 0 ’
0 0 0 21wy + «
2in —mge 2iwoTo —aiipy — algple’i‘*’“”’ 0
Ava — 9 —nqe2woTo 21wg a21p1€” 070 —agapip3  —MNy
13 —a 0 0 0

0 - 0 21wy + «
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and

Ay =
Agy =2
Agy =2
Ags =2
Agy =2

21w —mge20To g —a11P9 — algpleﬂ"*’”O
—nqe”2woTo 21wq 0 aglple*i“(’”’ — a2201p3
-« 0 2wy + « 0
0 —« 0 0

0 —Mmo —Mg3 0

—nNnq 0 0 —Ny
—a 0 a 0’

0 —a 0 «

—anRe{py} — ar2Re{p e 070t —my —m3 0
az1Re{p e ™70} —asRe{pips} 0 0 —my

-« 0 o O

0 —a 0 «

0 —anRe{p,} —arzRe{pe™ 070} —mz 0
—ny agRe{p e™"070} —anRe{p;ps} 0 —ny
—a 0 a 0

0 0 0 o

0 —ma —anRe{pQ}_ — ajapRe{p, e~ om0} ()
—ny 0 azRe{p e ™70} —aznRe{p;ps} —n4
—a 0 0 0

0 —« 0 «

0 —mgy —m3 —ap1Re{p,} — ajoRe{p e 070}

—a 0 « 0
0 —a O 0

)

—n1 0 0 axnRe{pe ™70} —axnRe{p;p;}

)
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