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Abstract: The existence, stability and bifurcation direction of periodic traveling waves for the Nichol-
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rem, center manifold theorem as well as normal form theory. Some numerical simulations are presented
to illustrate our main results.
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1. Introduction

In population dynamics, the study of traveling waves can help us to understand the mechanisms
behind various propagating wave patterns better [1,2]. The existence and stability of various types of
wave solutions have been theoretically proved in many population models [3].

Based on the delayed Nicholson’s blowflies equation [4], So and Yang [S5] proposed the following
diffusive version of delayed Nicholson’s blowflies equation

Ou(x,1) 0u(x, 1)

5 d, Frea Su(x, 1) + pu(x,t — t)e "), (1.1)

which describes the population growth of Nicholson’s blowflies with spatial diffusion. So and Yang
[5] studied the stability of the steady-state solutions for system (1.1) under the Dirichlet problem.
So and Zou [6] proved the existence of traveling wavefronts. Stability of traveling wavefronts were
investigated in [7, 8]. Yang [9] studied the existence and stability of periodic traveling waves. In order
to describe the individual diffuse phenomenon during the reproductive cycle and more general birth
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functions, So et al. [10] derived the following reaction-diffusion equation involving nonlocal delay
effects

2 +oo
ou(x, 1) _ dla u(x,1) _ou(x,f) + sf Job(u(x -y, — 7))dy, (1.2)
at axz —0

and obtained Hopf bifurcation of model (1.2). See [11-16] for more progress on various types of
traveling waves of system (1.2). In [17], Liang and Wu considered a delayed reaction diffusion equation
with advection

2 +oo
ou(x,t) _d 07 u(x,1) N dzau(x, n Su(x, ) + 8f J.Mb(u(x + dot — y,t — 7))dy, (1.3)
ot 0x* ox -

(&Y

which describes the pattern dynamics of a single-species population with two age classes and a fixed
maturation period living in a spatial transport field and proved the existence of traveling wavefront.
Stability of the traveling wavefronts were investigated in [18-20]. Of particular interest is the influence
of advection terms on the propagation of traveling wave solutions. The influence of advection terms on
traveling wavefronts were studied by many researchers [19,21]. To the best of our knowledge, however,
the work on periodic traveling wave solution in the population model like system (1.3) with advection
effect is relatively rare. Moreover, in the previous studies on periodic traveling wave solutions mainly
focused on theoretical proof, see [9, 11,22], which lacked the support of numerical simulation.

The objective of this paper is to derive the influence of advection terms on periodic traveling wave
solutions and illustrate our main results by using numerical simulations. In order to make the influ-
ence of advection terms more obvious, in model (1.3), we suppose that the diffusion rate d; = 0 and
replace the heat kernel function J,(y) by the Dirac function to eliminate the influence of diffusion and
nonlocal delay. Moreover, we choose the Nicholson’s birth function on account of facilitate numeri-
cal simulations. Therefore, we consider the Nicholson’s blowflies model with delay and advection as

follows:
Ou(x,1) dau(x, 1)

ot Ox
with the following initial condition

— Su(x, 1) + pu(x, t — T)e ), (1.4)

u(x,t) = uy(x,t), tel[-70], xeR.

Here, u(x, t) denotes the total mature population at location x € R and time ¢ > 0; d is the advection
rate of the mature represents the velocity of the spatial transport field; ¢ is the per capita adult death
rate; p is the maximum per capita daily egg production rate; 7 is a delay represents the maturation
time; i is the size at which the population reproduces at its maximum rate, where d, 9, p, a and 7 are
positive constants. Moreover, we assume that p > ¢ such that system (1.4) always has two equilibria
u, =0and u, = %lng eR,.

2. Main results

In this part, the existence, stability and bifurcation direction of periodic traveling wave solutions of
system (1.4) is proved theoretically by using the Hopf bifurcation theorem, center manifold theorem
as well as normal form theory [23], which are bifurcated from two equilibria, respectively.

For the equilibrium u, = 0, we have the following result.

Electronic Research Archive Volume 31, Issue 5, 2568-2579.



2570

Theorem 2.1. For each fixed wave velocity ¢, when the advection rate d > ¢, Eq (1.4) has a branch
of periodic traveling waves bifurcating from u, for the bifurcation parameter T near t;, with period

approximately equals to i—’i Moreover, if k. > 0 (resp. < 0), the bifurcation is backward (resp.

forward) and periodic traveling waves are unstable (resp. have the same stability as u, before the
bifurcation), where w,, T and k, are shown in Eqs (2.6), (2.7) and (2.15), respectively.

Proof. Let the traveling wave variable s = x + ¢t and u(x, t) = v(s), then Eq (1.4) can be rewriten as
(c —d)yv(s) = —ov(s) + pv(s — cT)e W=, 2.1
Linearizing system (2.1) around v, = u, = 0, we have
(c — d)v(s) = —ov(s) + pv(s — cT). 2.2)
The characteristic equation of system (2.2) is
(c—d)A+6—pe ™ =0. (2.3)

When 7 = 0, Eq (2.3) reduces to
(c—d)A+6—-p=0,

which has a real root A = g.IfO <c<d,wehave 1 <0;ifc>d,then1>0.
Assume that there is some w > 0 such that A = iw is a root of Eq (2.3), i.e.,

i(c —d)w+ 6 — pe™™ = 0.

From Euler’s formula, we obtain

sin(ctw) = (d — ¢)w,
psin(ctw) = (d - ¢) 2.4)
pcos(ctw) = 6.
In view of sinz(cm)) + cos?(ctw) = 1, from system (2.4), we have
(c —d)yw* = p* = 6% (2.5)
Equation (2.5) have a positive solution
Vel (2.6)
Wy = d—cp
Substituting w, into Eq (2.4), we obtain
(d—0)wy .
nr+ arctan (——) (n=0,1,2,---, if c<d,
T = () . 2.7)
Cwy n=1,2,3,---, if c¢>d.

It implies that Eq (2.3) has a pair of purely imaginary roots A = +iw, when 7 = 7). Moreover, we have

a [(c —d)A+6— pe_m]

i =c—d+cott +i(c® — cd)tiw, # 0,

=Ty
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1.e., 4 = lw, 1s a simple root of Eq (2.3). Moreover, we need to check the transversality condition in
the Hopf bifurcation theorem. To this end, we discuss the sign of

da
Re— )
ed‘l’ =1

Taking derivatives of system (2.3) with respect to 7 yields that
da da
(c —d)—= + pcte™ ™= + pcle ™ = 0. (2.8)
dr dr
Noticing that pe™™ = (¢ — d)A + 6, we rewrite Eq (2.8) as
da da
(c—d)— +ct[0+ (c —=d)A]— + cA[6 + (c — d)A] = 0.
dr dr
Hence, we obtain
dd oA + c(c — d)A*

dr c-d+cto+er(c—-d)A’
Separating the real part, we yield

Re da c(c — dyw?

= 0.
drle=rr (¢ —d + c07})? + [(¢? — cd)T} Wy ]? g

It implies that the purely imaginary roots of Eq (2.3) will fall into the right half plane of the complex
plane when the delay 7 increases slightly around the critical value v = 7. Based on the continuity
of function A(7), we know that only the case of ¢ < d satisfies the transversality condition, i.e., when
¢ < d, equation (1.4) has f)—’i—periodic traveling waves bifurcating from u,.

Next, we study the stability and bifurcation direction of periodic traveling wave solutions. Let
y(s) = v(ers)and T = 7 +y, v € R. Equation (2.1) can be rewritten as

c(ty +7)

o) =

|-6¥(s) + py(s = D¢ (2.9)

From Taylor’s formula, we have
y(s) = L(y)ys + H(y, ys), (2.10)

where L(y) and H(y, -) are given by

L6 = =S P 50) ~ poc-1)),
c—d
and )
.+
10,0 LD 1)+ S|+ 0,

for ¢ € C([-1,0],R), respectively.
Define a bounded variation function as

c(Ty +7v)

[66(s) + pé(s + D)1,
c—d

ny,s)=-
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such that 0
L(y)p = f 1 den(y, $)#(s),

where 0(-) is the Delta function. Moreover, for ¢ € C([—1,0],R), we define

%, if 6e[-1,0),
AW () =1 o
f 1 den(y. oW(s), if 6=0,
and
NGW(6) = { 0. if 6<[-10),
H(y,y), if 6=0.

Hence, we can rewrite Eq (2.10) as
Vs = AY)ys + N(y)ys, (2.11)

where y (0) = y(s + 6), 6 € [-1,0].
Define the adjoint operator A* of A(0) and the bilinear form as

-—, if £€(0,1],

f dn(0,9)¢(=¢), if &=0,

1

and
0 s
(o, ¥) = @(0)(0) — f 1 j(; (¢ — ¢)den(0, o) ()AL,

where ¥ € C([-1,0],R) and ¢ € C([0, 1],R). Then, we have (¢, A(O)y¥) = (A*¢, ). Hence, we obtain
that g*(y) = De'“*+™iX is the eigenfunction of A* associated with —icw,7*, and ¢(f) = €77 is the
eigenfunction of A(0) associated with icw, ), where D = — L So,we yield

T8 .
I+ 2 —icwsty

@.9»=0, {(g".q)=1.
As a solution y; of system (2.11) with y = 0, we define z(s) = {(¢", y,) and
W(s, 0) = ys(6) — 2(5)q(6) — 2(5)q(6). (2.12)
Then, we yield (¢g*, W) = 0 and
2

52
W(s,0) = W(z,z,0) = Wzo(@)% + Wi1(0)zz + WOZ(G)% RE

It follows (g*, ys) = {(¢", A(0)ys) + (g, N(0)y,) that

2(s) =icwT)z(s) + DH(O, y,)
=icw, 1 7(s) + DH(0, 2(s)q(0) + Z(s)q(0) + W(z,Z, 0)).
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Let
. o _ Z L T, 72
f(z,2)(s) £ DH(0, z2(s)q(0) + Z(5)q(0) + W(z,Z,0)) = fzoz + fuzz + f02§ + le? +o
where _ _ —
_ _ZQPCDT; —2icwyTX f _ _ZaPCDT; _ _ZapCDTVT 2icw Ty

20 = c—d e > J11 = —J 02 = c—d ,

and _
apCDT; —lcwyTX —icwyTX icwyTx
fo =2 [ i — e 0T (1) = 260 Wi 1))

Next, we compute Wy,(6) and W,((6). Taking derivatives of system (2.12) with respect to s yields that
W=y, - 2q-1q

=A0)y, + NO)y, — licwsTyz + f(z,2)]q = [—icw, 7,7 + f(2. 21§

=A(0)[zq + 2G + W] + N(0)y, — [icw, T}z + f(z,D]g + licw.7,Z - f(z,2)]7

=AO)W + NO)y, - f(z,2)9 - f(z, 23,
where |

ey 5 Z 5 lf 9 = 0,
oy, =15/
0, if 6¢e[-1,0).

Moreover, we have
174 :WZZ + sz
=[Waoz + WiZ+ 12+ [Whz+ Wz +---12

=[Waoz + WiiZllicws iz + f(2,D)] + [Wiz + WZl[—icwT)Z + f(z,D)] + - - -

Hence, we yield

—20q(0) — f023(6), it 6e[-1,0),
2i * I—A = _
icw, T, 1 — A(0)) W (0) (i ~ 1)f20 ) it o-0,
D
and _
—f1q0) — f114(0), if 6¢e[-1,0),
-AOYW1(0) = _
OYW11(0) (%—1)ﬁ1—f11, $ oa-o.

As 8 € [-1,0), we have ‘ )
Wao(0) =2icw, T ;wa(0) + fr0q(0) + f023(0),
Wi(0) =£119(0) + f113(6).

Hence, we have

if2() : * l‘f_()z _: * z *
WZO(Q) — elcw*TnH + icwyT) 0 + E1€21C“)*Tn9’

e
CWLTY 3cw, Ty
_ (2.13)
lfll icwxTx0 lfll —icw4TX0
W11(9) =— —¢ nw4 —e n +E2.
CWL T CWL T
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When 6 = 0, we obtain

0
, o
f d.17(0, §)Wao(s) =2icw,T, Wa(0) + foo + foo — = foos
-1 D (2.14)

0
~ 1
f den(0, Wii(s) =fi1 + fi1 — Bfu.

1

Substituting Eq (2.13) into (2.14), we yield

J20 E, = Jin
_ 0 ] R D) 2= = _ 0 .
D (2icw*T,’; - f_ | d.n(0, ¢)e?icoxmns ) D f_ 1 dn(0,¢)

E]Z

It follows [23] that stability and bifurcation direction of periodic orbit is determined by the quantity

K*:Re{2 [f11f20—2|f11|2 'f"z'] @} 2.15)
CW4T) 2

When «* > 0 (resp. < 0), there exists £ > 0 such that for 7 € (r,,— ¢, 7,,) (resp. 7 € (1, 7, +)), periodic

traveling waves of Eq (1.4) bifurcating from u, are unstable (resp. have the same stability as u, before

the bifurcation). O
Furthermore, for the positive equilibrium u, = é In %, we obtain the similar result.

Theorem 2.2. For each fixed wave velocity ¢, when the advection rate d < ¢ and p > 8¢, there
exists a branch of periodic traveling wave solutions of system (1.4) with period approximately equals
to =L which is bifurcated from u. for the bifurcation parameter T near t,. Moreover, the bifurcation is
backward (resp. forward) and periodic traveling waves are unstable (resp. have the same stability as
u, before the bifurcation) if k., > 0 (resp. < 0), where w,, T, and k. are shown in Egs (2.17)—(2.19),
respectively.

In view of the proof of Theorem 2.2 is similar to Theorem 2.1, we only give the simple proof of
Theorem 2.2 included some key relations.
Proof of Theorem 2.2. Linearizing Eq (2.1) at v, = u., we obtain the following characteristic equation

(c—a’)/l+6—6(1 —lng)e_”’l 0. (2.16)
When 7 = 0, the characteristic equation reduces to (¢ — d)4 + 6ln§ = (0, which has a real root

A= ﬁ In g. We know that 4 > 0 as 0 < ¢ < d, and 4 < 0 with ¢ > d. Similarly to the above process,
we know that when p > €6, Eq (2.16) have a pair of simple purely imaginary roots A = +iw.,, where

0 P(,. P
\ 1 —(1 ——2) 2.17)
w |C—d| n né
with
(n + 1) + arctan (Ca9 T
T:T;: ( 5 ), n=0,1,2,--- (2.18)
cw,
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Moreover, we have
R da c(c — d)*w?
c— =
drle=r (¢ —d + co15)? + [(¢? — cd)Tiw.]?

> 0.

It implies that when p > de* and ¢ > d, there exists a branch of periodic traveling wave solutions of
system (1.4) with period approximately equals to 277:, which is bifurcated from u, for the bifurcation
parameter T near T,,.

Similarly to the above calculation, we get the quantity determined stability and bifurcation direction
of periodic orbit bifurcating from u, as follows:

i |g02I?
K = Re gugn —2lgnl - £+ £ 1, (2.19)
2cw, T 3 2
where
* p_
o = acot, (ln 5 2) cws:
DT e-d)+ cTi6 + ic(c — d)w. T ’
~ acot, (ln E- 2)
g (c—d)+ cti6 +ic(c — dw, T’
acot, (ln B 2) -
g0z = (c=d)+ctio +ic(c — d)w. T ’
and
acot: e W p o »
= n . l __2) 2M _1 + ZICw*TnM _1 + (1 __3):|’
821 (c=d)+ctid +ic(c — d)w.Ts [(né ( n(=h+e 20( )) a n(g
M (-1) = _ig_“e—icwn:; + &eicwu; + [c—d+cTd +ic(c — dw.T)] g1 ’
CW,T, CW, T, cti6In §
Moo(—1) = ig20* oTiCwT, 4 1802 . icw.T; [C —d+cT;0 +1c(c - d)a)*T;;] gzoe_zic‘.“*"'; .
CWT, 3ew., 2ic(c — d)w, T}, + coT}; [1 - (1 —In ’g) e‘zw‘*’*fﬁ]

When k. > 0 (resp. < 0), the bifurcation is backward (resp. forward) and periodic traveling waves are
unstable (resp. have the same stability as u, before the bifurcation). O

3. Numerical simulations

In this section, we illustrate our results by showing some numerical simulations. For Theorem 2.1,
we choose the parameters 6 = 1, p = 8, a = 1 and d = 27. Set the wave speed ¢ = 4 < d. Hence, we
have the following system

ou(x, 1) ou(x, 1)
=27
ot 0x

Substituting the traveling wave variable s = x + 4¢ and u(x, ) = v(s) into Eq (3.1), we have

—u(x, 1) + 8u(x, t — T)e "0, (3.1)

—230(s) = —v(s) + 8v(s — 41)e 74, (3.2)
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Here, we only consider the case of the first critical bifurcation parameter 7. Based on Section 2, we
know that system (3.2) has periodic solution bifurcating from »* = 0 with 7 near 7} ~ 1.0471, whose
period approximately equal to i—’i ~ 18.2068. Moreover, by using Mathematica 12.0, we can calculate
that «* ~ —1.8848, i.e., the periodic solution is stable, whose bifurcation direction is forward. Let the
initial function v;(s) = COS(Y) . In Figure 1(a), we see that the numerical periodic solution of system (3.2)
is bifurcated from u* when T = 1.0662 > 7. It follows Figure 1(b) that solution of (3.2) converges

to the periodic solution. Figure 1(c) shows the numerical periodic traveling waves of Eq (3.1) after
translating back to the original variable.

02 T ———— T 03y
| RN
\‘\‘ “/\ il I\ Il It I\ i “”\ I I U
LT A e I L e A 02

A [ | ‘H“\ | 02+

I o ozH \HH\‘ I
(I L LA \ [ || i
OJ““\HHHH\‘“HH ‘H‘ ‘ ‘H\”\H\h ‘\‘MM“ 0.15 |
\\‘HMH““\‘ ‘H‘\“ 0.15‘ \\\H“‘\‘HH“\‘\‘\‘\
005 [ A L e e e I e e e e A ‘ H‘H‘ ‘\

| | 0.1

‘N\“‘\H“H”“MM ~ ‘HU\‘\HH ‘ M““

ob | {11 M

I m i
‘ \‘\‘ H i H

otk [ H \‘H H\\ ‘ |

(TR IR VA VA A A 01 ‘ \ I \ A \
ol ULV [ ‘H ‘H ‘H \‘ T H \ | \“ “ il \‘ I H H
| |

Hu
| \“\
IR
‘l‘"‘\\

v(s)

0.05 H \‘ I \‘

02 02
0 20 40 60 80 100 120 140 160 180 200 0 50 100 150 200 250 300 350 400 200 150
S s

(a) (b) ()
Figure 1. (a). Periodic solution of (3.2) for s € [0,200]; (b). Solution of (3.2) converges

to the periodic solution; (c). Periodic traveling wave solution of (3.1) for ¢ € [0, 100] and
x € [0,200].

For Theorem 2.2, choosing the parameters d = 0.5,a = 1,6 = 1 and p = 10 such that p > de?. Let
the wave speed ¢ = 1.2 > d = 0.5. Hence, we obtain the following system

ou(x, 1) ou(x,t)
=0.5
ot 0x

—u(x, 1) + 10u(x, t — T)e “*0, (3.3)
The differential equation with wave profile of system (3.3) is
0.79(s) = —=v(s) + 10v(s — 1.27)e (7120, (3.4)

It follows Theorem 2.2 that system (3.4) has periodic solution bifurcating from u* = 1n 10 = 2.303
with 7 near 7 ~ 1.709, where the period approximately equal to ~ 5.269. Moreover, we yield k* ~
0.1851, i.e., the periodic solution is unstable, whose bifurcation dlrection is backward. Set the initial
function v,(s) = In 10 + %(S) The numerical periodic solution of system (3.4) with 7 = 1.685 < 7,
bifurcating from u* is shown in Figure 2(a). In Figure 2(b), we see that the periodic solution is unstable.
By translating back to the original variable, the numerical periodic traveling wave solution of Eq (3.3)
bifurcating from u* is shown in Figure 2(c).
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Figure 2. (a). Periodic solution of (3.4) for s € [0,80]; (b). Solution of (3.4) is away
from the periodic solution; (c). Periodic traveling wave solution of (3.3) for ¢ € [0, 100] and
x € [0, 80].

4. Conclusions

In this paper, we investigate the existence, stability and bifurcation direction of periodic traveling
waves for the delayed Nicholson’s blowflies model with advection. By using traveling wave transfor-
mation, the construction of periodic traveling wave solutions of the original model (1.4) is equivalent
to looking for periodic solutions of the delayed Nicholson’s blowflies model (2.1). When introducting
the advection term into the system, we obtain the influence of advection term on the bifurcation po-
sition, stability and bifurcation direction of periodic solutions (see Theorems 2.1 and 2.2). Moreover,
we illustrate our theoretical results by using numerical simulations.

There exist some natural extensions of this article. Indeed, we take the diffusion coefficient of
system (1.3) to be zero in this paper, which greatly reduces the difficulty of our research. In prac-
tice, we also derive the theoretical results of system (1.3) similar to Theorems 2.1 and 2.2 by using
the perturbation technique [22]. However, the numerical simulations of periodic traveling waves for
reaction-diffusion models is very difficult, because the equilibrium points of the corresponding delayed
differential system become hyperbolic in this case. How to use mathematical software to simulate pe-
riodic solutions bifurcated from hyperbolic equilibria of delayed differential equations? These raise us
the future direction.
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