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Abstract: In this paper, a delayed diffusive predator-prey model with the Allee effect and nonlocal
competition in prey and hunting cooperation in predators is proposed. The local stability of coexisting
equilibrium and the existence of Hopf bifurcation are studied by analyzing the eigenvalue spectrum.
The property of Hopf bifurcation is also studied by the center manifold theorem and normal form
method. Through numerical simulation, the analysis results are verified, and the influence of these
parameters on the model is also obtained. Firstly, increasing the Allee effect parameter 5 and hunting
cooperation parameter « is not conducive to the stability of the coexistence equilibrium point under
some parameters. Secondly, the time delay can also affect the stability of coexisting equilibrium and
induce periodic solutions. Thirdly, the nonlocal competition in prey can affect the dynamic properties
of the predator-prey model and induce new dynamic phenomena (stably spatially inhomogeneous
bifurcating periodic solutions).
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1. Introduction

The predator-prey model has always been an important research content of biomathematics, because
a predator-prey relationship is widespread in nature [1-4]. Among the population growth laws, the
Allee effect is an important biological phenomenon. W. Allee proposed the famous Allee effect to
describe the phenomenon that low-density populations are prone to extinction [5]. Since then, the
predator-prey model with the Allee effect has received extensive attention from scholars. Cooperative
hunting is also widespread in nature, such as gray wolves, chimpanzees, banded mongooses, lions,
etc. [6,7]. They all hunt collectively.

In [8], R. Yadav et al. studied a predator-prey model with the Allee effect and hunting cooperation,
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that is
du _ )y — ) — _Aray
o= ru(l K) (u MO) 1+A(A+av)u?’ (1 1)
dv _ , _(raly |
di = CTraGrane — MV

u(t) and v(¢) are densities of prey and predator, respectively. r, K and u, represent intrinsic growth rate,
. . . (A+avy® - .
carrying capacity and Allee effect parameter of prey, respectively. The term Tracan? 18 the functional
response function including the hunting cooperation in predator, with capturing rate A, handling time
A and hunting cooperation parameter a. e and m are conversion efficiency and death rate of a predator.
Make the changes u = Kit, v = 29, t = —f,a = %, =22, 0 = 5=, h = AK?A, n = ¥4, and drop

, the model (1.1) is changed into

29~

I/t(l _ M)(l/l _,8) _ (1+av)utv

du _
dar — T+h(1+avyu??

{ dv _ ( (1+avyutv _ ) (12)
a — N\ Tazrane —9Y)-

The authors mainly studied the Turing pattern of the model (1.2) by applying the amplitude equation
through weakly nonlinear analysis [8]. The model (1.2) shows the spiral and target patterns.

In the inter-population interaction, time delay often occurs, such as gestation delay, maturation
time, capturing time, and so on. Some scholars have discussed the dynamic properties of predator-
prey models with time delay, mainly focusing on Hopf bifurcation [9-11]. They obtained that time
delay may affect the stability of equilibria, and induce Hopf bifurcation [12-14]. In particular, in
the reaction-diffusion predator-prey model with time delay, there may be spatially homogeneous and
inhomogeneous periodic solutions, but the stable periodic solutions are often spatially homogeneous
in the numerical simulation. This is not consistent with the actual situation, because in the real world,
the spatial distribution of the population is difficult to reach a completely uniform state, that is, a stable
spatial homogeneous periodic solution. This is one of our motivations, that is, will there be stably
spatially inhomogeneous periodic solutions for the delayed reaction-diffusion predator-prey model.

In addition, due to the limited resources and the competition within the population, many scholars
have chosen the Logistic growth law to describe the growth law of the prey population. Logistic growth
law is mainly applicable to the predator-prey model in the form of an ordinary differential equation,
and it is assumed that the spatial distribution of resources is uniform. However, in fact, the spatial
distribution of resources is often nonuniform, and the population competition among prey is often
spatially nonlocal competition [15, 16]. To describe this phenomenon, the authors [17, 18] modified
the ¢ as % fQ G(x,y)u(y, t)dy with some kernel function G(x, y). In [19], D. Geng and H. Wang studied
the normal form of double-Hopf bifurcation for a predator-prey model with nonlocal competition with
nonlocal effect. In [21], Liu et al. studied a delayed diffusive predator-prey model with group defense
effect and nonlocal competition and observed stably spatially inhomogeneous oscillations. In [20] the
authors analyzed a diffusive predator-prey model with nonlocal competition from the perspective of
bifurcation. In this paper, we want to study what new dynamic phenomena will appear when adding
spatial nonlocal competition in the model (1.2), and what impact it will have on the distribution of prey
and predator densities. This is another motivation for our work.
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Motivated by above, we studied the following model

Ou(x, 1) B f o (1 + av)u®v

5 - Gidut u(l QG(x,y)u(y, t)dy) T Wt i’
ov(x, 1) (1 + av(t —1)u(t — 1)Vt — 1)

=d-A — Q

a @ V+’7( T+ 71+ av(i — 0t — 1) m)’ vef >0 (1.3)
au()f’ D av()f’ D _ 0, x€dQ, t>0

ov ov
u(x, 0) = up(x,0) > 0,v(x,0) = vo(x,0) >0, xeQ,0¢€[-10].

where d; and d, are diffusive coefficients. 7 is the gestation delay in predator. fQG(x, Vu(y, t)dy
represents the nonlocal competition effect. The kernel function is

G(x,y) = x,y € Q,

1
o i’
which is widely used [20, 21]. This is based on the assumption that the competition strength among
prey individuals in the habitat is the same. The region Q = (0, /r) with [ > O just for the convenience
of calculation.

The article is structured as follows. In Section 2, the stability and existence of Hopf bifurcation
for the models with and without nonlocal competition are studied. In Section 3, the parameters that
determine the properties of Hopf bifurcation are given. In Section 4, some numerical simulations are
shown. In Section 5, a short conclusion is given.

2. Stability analysis

. . . oqe . 2
The authors obtain that the system (1.3) has at least one coexisting equilibrium (u.., v.) when /% <

o< ﬁll and 8 < 1 in [8], where u.. 1s the root of the following equation falling in the interval (5, 1),

0,

2 (a(l —wu(u — f) . 1) o

o _1—h0':

. In the following, we just denote the coexisting equilibrium as (u., v..).

and Vi = u*(l—u;)(u*—ﬂ)

2.1. The model with nonlocal competition

Linearize system (1.3) at E, (u., v.)

ou (u(x,n) \ _ Au(t) u(x, r) u(x,t — 1) i(x, 1)
E( u(x, 1) )_ D( Aw(z) )+Ll( v(x, 1) )+L2( v(x,t—T) )+L3( D(x, 1) ) 2D

_ d1 0 | ar ay _ 0 0 _ a 0
I A i A VA B ) |
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v.(av, + 1)(huf(av* +1) - 1)

a = u, 3 +1-u.l,
(hu(av. + 1)+ 1)
u? (h(au*v* +u,)? + 2av, + 1) 2nu,v,(av, + 1)

a, = — > <0, b= > > 0,

(hu(av. + 1)+ 1) (hu2(av. + 1)+ 1)
nu? (h(au*v* +u,)? + 2av, + 1)

b, = > >0, a=-u.(u.—-p)<0,

(hu2(av. + 1)+ 1)
and &1 = i fol” u(y, t)dy. The characteristic equations are

P+ EAd+M,+(G,—bD)e =0, neN,,
where

Ey=no—(@+a), My=-no(a+a), Go=byd+a)—ab,
n2 n4 l’l2
En = +(d1 + d2)l_2 +no —a, Mn = d1d21—4 + (d]?]O' - Clldz)l—z —ano,
n2
Gn = —bzdll—z + Cl]bz - Clgb], n €N,

N and Nj represent the positive integer set and the non-negative integer set.
When 7 = 0, the characteristic equations are as follow

X +(E,—b)A+M,+G,=0, neN,.
Make the following hypothesis
(Hy) E,—b,>0, M,+G, >0, forn € Ny.

Under the hypothesis (Hy), E.(u., v.) is locally asymptotically stable when 7 = 0.
Next, we will discuss the case of T > 0.

Lemma 2.1. Assume (Hy) holds, the following results hold.

e Equation (2.3) has a pair of purely imaginary roots +iw, at ot for j€Ngandn € W,.
e Equation (2.3) has two pairs of purely imaginary roots +iw* at T~ for j € Ny and n € W,.

e Equation (2.3) has no purely imaginary root for n € Ws.
Where tiwy, 0%, W1, W, and W3 are defined in (2.8) and (2.9).

Proof. Letiw (w > 0) be a solution of Eq (2.3), then
—w* +iwE, + M, + (G, — byiw)(coswT — isinwt) = 0.

W(EnGu+Mybr—
Gr+bsw?

@02 EntGr)=My Gy

. _ bsz)
Obviously. coswt = b . It leads to

, sinwt =

w*+ o’ (EL - 2M, - b3) + M, - G} = 0.

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)
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Let z = w?,then (2.6) becomes
2 +z(E; -2M, - b3) + M; - G} =0, 2.7)

and the roots of (2.7) are z* = 1[-H, + yH} — 4J,K,] , where H, = E2 —=2M, - b3, J, = M, + G, and
K, =M, — G,. If (Hy) holds, J, > 0 (n € Ny). By direct calculation, we have

Hy = (a+a)* +n°0” - b,

k2 2 2 2
Hk:(al—dl—) +(d2—+770') —b%, forke N

I2 I2
Ko = axby — (A + ar)(by + no),
k* k>
K, = dldzl—4 + [dl(bz + 7]0') - aldz]l—z + a2b1 - a1b2 + no, for k € N.
Define
S1 = {ann < 0’ ne N0}7
S, ={nK, >0, H, <0, H> - 4J,K, > 0, n € Ny}, (2.8)
S; = {n|K, >0, H> —4J,K, <0, n € Ny},
and
) Larccos(VE) + 2 jn v >
+ — + Jox — 5 cos b sin = U,
oy = e T { = [27r — arccos(Vf.Z’f))] +2jnm, ng < 0.
" (2.9)
Jonsr _ WD+ G = MG gy _ i (ExGr + Miba = ba(@’)
cos T G% N b%(w,i,)z P sin G% + b%(wrf)z

It is easy to verify the conclusion in the Lemma 2.1.
Next, we verify the transversal condition for the existence of Hopf bifurcation.
Lemma 2.2. Assume (Hy) holds. Then Re(4)| _ i+ > 0, Re(4})|._i- < 0forn € S;US, and j € Ny,
Proof. By (2.3), we have
20+ E,—bye™ 1

(d_/l)—l — _ -
dr’ (G, =by)lem A

Then

21+ E, — bye ™ T] |
(G, — by)de=t 7=

[Re(d—ﬁ)—l]mﬁi = Re[
dr "

= Qw* + E2 = 2M, — b)]___-

T:Tf[’

G2 + bw?

1
=4[— 2 _ —_ H2\2 _ 2 _ (2 .
~ 4 B2~ 2M, — 2P — 4(M2 — G2)],_ .

Therefore, Re(‘;—f)lﬁw >0, Re(%)IT:T.fﬁ— < 0.
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Denote 7, = min{72| n € S; U S,}. We have the following theorem.

Theorem 2.1. For system (1.3), assume (Hy) holds.
o E.(u.,v.) is locally asymptotically stable for T > 0 when S; U S, = @.

o E.(u.,v.) is locally asymptotically stable for T € [0, 71,) when S; U S, # @.
o E.(u.,v,) is unstable for t € (1, 7. + &) for some € > ( v_vhen StUS, # @.

e Hopf bifurcation occurs at (u,,v.) when T = T,’fr (t=1)), je Ny neS, US,. Inaddition, the
spatially homogeneous (inhomogeneous) periodic solutions occur when T = To’i (t=1.5n>0).

2.2. The model without nonlocal competition

The model (1.3) without nonlocal competition is as follow

2
ou(x,t) = A+ u (] — ) (- f) (1 + av)u“v

ot 1+ h(1 + av)u?’
w(x, 1) LA (I +av(t — )u(t — )t — 1)
o TN T T s — oG-

Linearize system (2.10) at E..(u., v.)

Ou [ u(x,t) \ _ Au(t)
5( u(x, 1) ) B D( Av(1) )+ (Lot L3)( v(x, 1)

The characteristic equations are
X+ A+ M, + (G, —by)e™™ =0, neN,,

where

2
~ n R
En = +(d1 + d2)l_2 +no — (a1 + a),
- n* n?
M, = dldzl—4 + (dino — (a; + &)dz)l—z - (a; + a)no,
~ ]’lz
G, = —bzdll—z + (a; + fl)bg —arby, ne Np.

When 7 = 0, the characteristic equations are as follow
A +(E, -b)A+M,+G,=0, neN,.
Make the following hypothesis

(H,) E,—by>0, M, +G, >0, forn e N,.

Under the hypothesis (Hy), E.(u., v.) is locally asymptotically stable when 7 = 0.

u(x,r) )+L2( u(x,t—1)

v(x,t—7T)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

Remark 2.1. It is easy to obtain thalgo—bz = Ey—b,, Bo-l-éo = My+Gy, En—bz—(En—bz) =—-a>0
and M, + G, — (M, + G,)) = —a (dz’l’—z2 + no — bz)for n € N. Hence, under condition % +no—by >0,

hypothesis (Hy) can deduce (Hy).
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Through a similar process, we have the following results. Define

k2\? 2 2
H, = (a1 +a-d, 12) (dzl—2 + 770') - b,
- Kt k2
Jk = dldzl—4 + [di(by —no) + (a; + ?Jl)dz]l—2 —ayby + (@ + a)) (b, — no), (2.15)

K K2
Kk = dldz— + [dl(bz + 770') ((11 + Cl)dz]— +a)b, — (& + al)(bz + 770'), for k € Np.
1 = {ann < 09 ne NO}’
S, ={nK, >0, H, <0, A> —4J,K, > 0, n € Ny}, (2.16)
S3 = {nlK, >0, A> —4J,K, <0, n € Ny},

1 . O T— L Larccos(VE) + 2, Vglni) >0,
= —[—H + Hrzl - 4JnKn], T’J{_ = wl” (n,£) . (n,£)
2 = [271 —arccos(V,ps )] +2jm, V.7 <.

Wy

sin

L. . (2.17)
i) WAooy + Gy = I,Gy oy @i (BaGu+ Maby = b(w))?)

G2 + bi(wz)? o G2 + bX(w?)?
Corollary 2.1. Assume (H,) holds, the following results hold.
e Equation (2.12) has a pair of purely imaginary roots +iw; at ot for jeNgandn € S;.
e Equation (2.12) has two pairs of purely imaginary roots +iw; at T for je Ngandn € S,.
e Equation (2.12) has no purely imaginary root for n € Sj.

The transversal condition is also valid.

Corollary 2.2. Assume (Hy) holds. Then Re( )IT gt > 0, Re( )|T=T,f,** <0 forn e §1 U §2 and
J € No.
Denote 7, = min{rgl ne §1 U §2}. We have the following theorem.

Corollary 2.3. For the model (2.10), assume (Hy) holds.

o E.(u.,v.) is locally asymptotically stable for T > O when Sl U Sz =

o E.(u.,v.) is locally asymptotically stable for T € [0,7.) when Sl U Sz *+ Q.

o E.(u.,v,) is unstable for v € (7, 7. + &) for some e>0 when Sl U Sz * Q.

e Hopf bifurcation occurs at (u,,v,) when t = 1.7 (1 =1.7), je Ny, n € Sl U Sg In addition, the
spatially homogeneous (inhomogeneous) periodic solutions occur when T = TO (t=1,5n>0).

3. Property of Hopf bifurcation

By the work [22,23], we study the property of Hopf bifurcation. For fixed j € Noand n € S; U S,,
we denote 7 = 7.°. Let au(x,t) = u(x,7t) — u, and ¥(x,1) = v(x,7t) — v,. Drop the bar, (1.3) can be

written as
du 1 (" (1 + v+ v)(u + uw)*(v +v,)
i =71[diAu+ (u+u )(1 " | (u(y,t) + u*)dy) (u+u,—p)— T+ AL+ a0t v )+ )2
ov DA (1 +at -1 +v)u—-1) +u)vt—1)
o = Tl T hl taot-Drryat—D+ur 7

3.1)

Electronic Research Archive Volume 31, Issue 4, 2120-2138.
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We rewrite system (3.1) as following system

ou

o =1[d\Au + au + arv — aii + aju* — Qu, — Buit + auv + a3V + au’ + asu’v + aguv?
+aV’ ]+ ho.t.,
oy 3.2)
5 =1[drAv — o + bu(t — 1) + byv(t — 1) + Bru®(t — 1) + Boult — Dv(t — 1) + Bsu’(t — 1)
+ B (t — 1) + Bsu(t — Dv(t — D] + Beu(t — V(¢ = 1) + B> (t — 1)] + h.o.t.,
where @, = 2v*(av*+l)(3hu§(av*-+;l)—1) _ 214* n 2’ a = _2(u2(ahv*+h)+2aru*v§+u*), @ = — 2u§(a+ahuf) .
(h2(av.+1)+1) (h(av.+1)+1) (h2(av.+1)+1)
24hu*v*(av*+1)2(hu5(ozv*+l)—l) 6uﬁ(ahv*+h)2+4hu§(5(12v§+6av*+l)—4m’*—2 4au*(hzui‘(av*+1)+2ahu5v*—l)
a4 = — 5 T , a5 = > T , g = > T )
(hd(av.+1)+1) (hd(av.+1)+1) (md(av.+1)+1)
6a2huf(huf+l) 277v*(av*+1)(3huz(av*+l)—l) 27](u;:’(ahv*+h)+2au*v*+u*) . 2anuf(huf+1)
a’7:ﬁ,ﬁ1:_ > 3 , B = > 3 ,ﬂ3:ﬁ,
(m(av.+1)+1) (huZ(av.+1)+1) (huZ(av.+1)+1) (huZ(av.+1)+1)
B _ 24nhu,v. (ave+D*(hi(av,+1)-1) B _ 2n(3ut(@hv,+h)*+2hu? (5a*v +6av, +1)—2av,—1)
4 N (m(@v,+1)+1)" ’ 3 B (h2(@v,+1)+1)" ’
danu, (h2 ut(ave+ 1) +2ahuv, 1 ) 6a’nhu? (huf+] )
ﬁﬁ = > 7 ,ﬁ7 =TT -
(h2(av.+1)+1) (h2(av.+1)+1)
Define the real-valued Sobolev space X := {(u,v)T cu,v € HX0,In), (g, Vi)lr—ox = O} , the
complexification of X is Xe¢ = X @ iX = {x;+ix|x;,x € X}. The inner product

< 0,7 >= folﬂu_lvldx + fol”u_zvzdx is for it = (uy,up)’, ¥ = (v;,w), it,7 € Xc. The phase space
C := C([-1,0], X) is with the sup norm, then we can write ¢, € C, ¢,() = ¢(t + 0) or -1 < 6 < 0.
Denote B,’(x) = (7,(x),0)", B7(x) = (0,7,(x))", and B, = {B,"(x), 8,7 (x)}, where {8,'(x)} is an
orthonormal basis of X. We define the subspace of C as B, := span{< ¢(-),ﬁ§lj) > ﬁf,j)|¢ €eC,j=1,2},
n € Ny  There exists a 2 X 2 matrix function 7"(0,7) -1 < o < 0, such that

—%D’l’—22¢(0) + 7L(¢p) = f_ 01 dn’(o, 7)¢(o) for ¢ € C. The bilinear form on C* X C is defined by

0
W, ¢) = ¥(0)p(0) - f 1 fao Y(& — o)dn" (o, D)P(&)de, (3.3)
— é?:

for ¢ € C, ¢ € C*. Define T = T+, then the system undergoes a Hopf bifurcation at (0, 0) when u = 0,
with a pair of purely imaginary roots +iw,,. Let A denote the infinitesimal generators of semigroup,
and A* be the formal adjoint of A under the bilinear form (3.3). Define the following function

1 I’l():O,

0 npeN. (3-4)

d(ng) = {

Choose 1,,(0,7) = %[(—ng/lz)D + Ly + L36(nyy)], m0y(=1,7) = =TLy, n,y(0,7) = 0 for -1 < o < 0.
Let p(6) = p(0)e'“n™ (0 € [-1,0]), ¢(}) = g(0)e =™ (9 € [0,1]) be the eigenfunctions of A(%F)
and A* corresponds to iw,, T respectively. We can choose p(0) = (1, py)’, q(0) = M(1,q,), where
v,

P = i(iwno + dlné/lz —ay — ad(ny)), g2 =

e

A n2 b
. (—aé(no) —a, + d}z + 1a)no), and M = (1 + p1g> +

7q2(by + by pl)e‘i“‘"of)‘l. Then (3.1) can be rewritten in an abstract form

—dzt(t) = (f + DAU() + (F + wILi(U) + LUt = 1) + LU0 + F(U,, U,, ), (3.5)

Electronic Research Archive Volume 31, Issue 4, 2120-2138.
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where

@1¢1(0)* = Qu. = B)p1(0)$1(0) + @261(0)$2(0) + @3$2(0)* + a4} (0)
+a5¢7(0)$2(0) + as¢1(0)¢3(0) + a7¢3(0)
Bigi(=1) + Lo (=Da(=1) + B3¢5(=1) + Bagp} (=1) + Bagpi(=D)po(=1)
+Bsp1(=Dg3(=1) + Br¢p3(~=1)

F(p,u) = (T +p) (3.6)

respectively, for ¢ = (¢1,¢,)" € C and ¢, = i Ohr ¢dx. Then the space C can be decomposed as
C = P& Q, where P = {zpyn,(x) + ZpYny(0)lz € C}, O = {¢ € Cl(qyn (%), ¢) = 0 and (gy,,(x), $) = 0}.
Then, system (3.6) can be rewritten as U, = z(t) p(-)Yu,(x) + Z(£) p(-) Y4, (x) + w(2, -) and U, = % foln U.dx,
where

1) = (qyn (), Up), w(t,60) = U(0) — 2Re{z(1) p(0)yn, (1)} (3.7)
then, we have 2(¢) = iw)no7z(t) + g(0) < F(0, U,), By, >. There exists a center manifold Cy and w can
be written as follow near (0, 0).

2 =2
w(t,0) = w(z(t),7(t), 0) = wzo(e)% + wn(0)2Z + woz(e)% P (3.8)

Restrict the system to the center manifold is 2(f) = iw,,Tz(t) + g(z,Z). Denote g(z,2) = gzoé + 81122 +
g02§ + g21§ + ---. By direct computation, we have

820 = 2TM(S1 + ¢262) 3, g1 = TM(01 + q202)13, 802 = §20,
821 = 2TM[(k11 + qak21) ]y + (K12 + G2k22)14],

where I, = ["y2,(x)dx, I = [ 3 ()dx, Iy = [T y4 ()dx, 61 = (@1 + E@s + a:é)) + Sno(B — 2u.),
G2 = €7 (By + EBy + B3é)), 01 = H(QRay + ar(€ + &) + 2a3EE) + 20n0(B — 2u)), 02 = (2B + Pa(é +
&) +2B:E€), k1y = 2WV(0)2a; + ané +Bdng + L —2(5ng + D) + Wg(‘))(O)(za1 + € + By + B —2(Sng +
D) + 2W(0)(@z + 2a3€) + WL (0) @z + 2a38), k1o = SBas + as(& + 28) + £Qasé + aeé + 3a7E8)),
Ky = W<‘>< DB +Pag)e™ ™ + 2WiD (= D)(Ba+2B3)e™ ™ + Wi (= 1)(2B1 +Ba€)e™ + Wi (= 1)(Ba +

2B3E)e™, kay = 1€ (3By + Bs(€ + 28) + EQPBoE + ot + 3BrEL)).
Now, we compute W,y(6) and W;,(6) for 6 € [—1, 0] to give g»;. By (3.7), we have

@ = U, = 2pYn, (%) = 2Py, (x) = Aw + H(z, %, 6), (3.9)
where
z z
H(z,z,0) = Hzo(e)a + Hy(0)zz + Hoz(e)z oo (3.10)
Compare the coeffcients of (3.8) with (3.9), we have
(A = 2w, THw = —Hy(0), Aw1(0) = —H;1(6). (3.11)
Then, we have
W (6) = i gZ(i p(0)e Lwny 70 _ 3igoz _5(0) R E, eZiw,,O%H’
Wy T Wn, T
g 0 z 0 ) (3.12)
w11(0) = 2 pO)elen™ - L1 p(0)e ™ + B,
o T iwy,
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where E; = Y7 E(ln)a Ey =300 Egl)’
0

E" = (2iw,, Tl - f AT, (0,7 < Fao, B, >,

-1

0
EY = —( f (6,2 < Fi1, By >, ne N,
-1

%TFZ(), ng#0,n=0, %F}l, ng#0,n=0,

< F20a,8n S= 21+,TF20, nyg * O,I’l = 21’10, P Fl],ﬁn . 21%’\F“, ny O,n = 2n0,
;Ton’ no :0”1:0’ EFll’ nO :O,I’l:O,
0, other, 0, other,

and on = 2(§1,§2)T, Fl] = 2(@1,92)T-
Thus, we can obtain

i 2 1 R 0
c1(0) = 2(;!%(820811 —2lgn* - |g(;2| )+ 582, M2 = —%, .
1 . )
Ty = ———[Im(c1(0)) + . Im(A'(7))], B2 = 2Re(c1(0)).

no
By the work [22], we can obtain the following theorem.

Theorem 3.1. For any critical value Tl (nes, Jj € Ny), we have the following results.

o When u, > 0 (resp. < 0), the Hopf bifurcation is forward (resp. backward).

o When 3, < 0 (resp. > 0), the bifurcating periodic solutions on the center manifold are orbitally
asymptotically stable (resp. unstable).

e When T, > 0 (resp. T, < 0), the period increases (resp. decreases).

4. Numerical simulations

To analyze the effect of the Allee effect, hunting cooperation, nonlocal competition and time delay
on the model (1.3), we carry out numerical simulations in this section which is done with Matlab.
The numerical simulation of the systems is implemented by finite-difference methods. In the later
numerical simulation, we select the initial value as (uo(x) = u, + 0.001cosx, vo(x) = v, —0.001cosx.),
and have similar conclusions when we randomly select other initial values in the convergence domain.
Fix the following parameters.

h=05, 0=03, =02, d,=0.1, d,=0.1, [=1.

The bifurcation diagrams of models (1.3) and (2.10) are given in Figures 1 and 2. It can be seen
that the coexistence equilibrium will change from stable to unstable with the appearance of periodic
solutions. In the model (1.3), the inhomogeneous Hopf bifurcation curve T(l“ exists, which implies
that the stably spatially inhomogeneous periodic solutions may exist. But in the model (2.10), only the
homogeneous Hopf bifurcation curve T8’+ exists, which implies that only the spatially homogeneous
periodic solutions may exist. This implies that the model (1.3) with nonlocal competition is more

realistic than the model (2.10), since the existence of periodic solutions in the model (1.3) is spatially
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inhomogeneous. Because the prey and predator will continue to spread in space and move from the
place with high survival pressure to the place with low survival pressure, thus forming a non-uniform
periodic oscillation. Therefore, we should consider the nonlocal competition within the population
when establishing the delayed reaction-diffusion predator-prey model. We can obtain that increasing

the Allee effect parameter S and hunting cooperation parameter « is not conducive to the stability of
coexistence equilibrium points.

1000
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(b)

~
S~

15. 15.
0TSl 7" 0

10.0 10.0

7.0 7.0

5.0 5.0

Stable region /
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3.0 3.0
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s
N
0 N, 2.0

2.0

L5 N 1.5k
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L L Il L L L L L L L L L L L L L L Il L L L L L L
0.05 0.10 0.15 0.20 0.05 0.10 0.15

(a) ()
Figure 2. Bifurcation diagram for 8 and 7 with @ = 1. (a): Model (1.3). (b): Model (2.10).

0.20

If we choose 8 = 0.1 and @ = 1, then (u.,v.) = (0.5125, 0.3436) is the unique coexisting
equilibrium and the hypothesis (H;) holds. By direct computation, we have
T, = T(l) ~ 3.4439 < T8 ~ 7.0688. By Theorem 2.1, we know that E,(u.,v.) is locally asymptotically
stable when 7 € [0, 7.) (Figure 3). It can be seen that the coexisting equilibrium (u., v.) is stable for
models (1.3) and (2.10). For model (1.3), the Hopf bifurcation occurs when 7 = 7,. By Theorem 2.3,
we have

[ ~ 6374179 > 0, B ~ —9.1705 < 0, T, ~ —4.0035 < 0.

Hence, the stably spatially inhomogeneous bifurcating periodic solutions exist for > 7, (Figure
4). This means that increasing the time delay 7 can affect the stability of the coexisting equilibrium
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(4., v,). In addition, the coexisting equilibrium (u., v.) changes from stable to unstable and the stably
spatially inhomogeneous bifurcating periodic solutions appear for the model (1.3). But with the same
parameters, the coexisting equilibrium (u., v,) is still stable for the model (2.10). Comparing Figure 4
and Figure 5, we can see that the nonlocal competition in prey can affect the dynamic properties of the

predator-prey model and induce new dynamic phenomena (stably spatially inhomogeneous bifurcating
periodic solutions).

0.514

0.5135 -

0.513 -

X 05125 -
E

0.512 -

0.5115

DSMW

=l
3000 ~

1000 T o~ 15

[ ’ Distance x Time t 0

0 Distance x

(c) (d)
Figure 3. The numerical simulations for the models (1.3) (a-b) and (2.10) (c—d) with @ = 1
and 7 = 3. The coexistence equilibrium E,(u., v.) is locally asymptotically stable.

Continue to increase the time delay 7 until it is larger than the critical value T8’+, we can observe
stable periodic solutions for both models (1.3) and (2.10). However, the stably spatially
inhomogeneous bifurcating periodic solutions appear in model (1.3), and stably spatially
homogeneous bifurcating periodic solutions appear in model (2.10). This also shows that nonlocal
competition can affect the dynamic properties of the predator-prey model.

5. Conclusions

In this paper, considering the self-diffusion of prey and predator, nonlocal competition in prey, and
gestation delay in predators, we propose a delayed diffusive predator-prey model with the Allee effect
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Figure 4. The numerical simulations for the model (1.3) with @« = 1 and 7 = 5. Prey: (a),
(c), (e). Predator: (b), (d), (f). The coexistence equilibrium E.(u.,v.) is unstable and there
exists a stably spatially inhomogeneous bifurcating periodic solution with mode-1.
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Figure 5. The numerical simulations for the model (2.10) with « = 1 and 7 = 5. Prey:

(a), (c). Predator: (b), (d). The coexistence equilibrium FE,(u., v.) is locally asymptotically
stable.
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Figure 6. The numerical simulations for the model (1.3) with @ = 1 and 7 = 8. Prey: (a),
(c), (e). Predator: (b), (d), (f). The coexistence equilibrium E.(u.,v.) is unstable and there
exists a stably spatially inhomogeneous bifurcating periodic solution with mode-1.
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and nonlocal competition in prey and hunting cooperation in predators. We study the local stability of
coexisting equilibrium and existence of Hopf bifurcation by analyzing the distribution of eigenvalues.
We also study the property of Hopf bifurcation: bifurcation direction, stability of the periodic solution,
period of the periodic solution by center manifold theorem and normal form method.

Our analysis results are verified by numerical simulation, and the influence of the Allee effect,
hunting cooperation, nonlocal competition and time delay on the model is analyzed. By numerical
simulation, we obtain that increasing the Allee effect parameter S and hunting cooperation parameter
a will affect the stability of the coexistence equilibrium point, and there will be periodic solutions.
The time delay can also affect the stability of coexisting equilibrium. When the time delay is less than
the critical value, the coexistence equilibrium point is stable, and the densities of prey and predator
will tend to the coexistence equilibrium. However, when the time delay is larger than the critical
value, the coexistence equilibrium is unstable and the stable periodic solution appears. At this time,
the density of prey and predator will produce periodic oscillation. The nonlocal competition in prey
can affect the dynamic properties of the predator-prey model and induce new dynamic phenomena
(stably spatially inhomogeneous bifurcating periodic solutions). Sometimes, the stability interval of a
predator-prey model with nonlocal competition is smaller than that of a predator-prey model without
nonlocal competition. This is also the reason why the predator-prey model with the nonlocal
competition will have stably spatial inhomogeneous periodic solutions.

The main findings show that the Allee effect parameter 8, hunting cooperation parameter «, and
time delay 7 can significantly affect the stability of the coexistence equilibrium point, and can be used
control the development of the population.
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