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Abstract ’ N

This paper is concerned with a cross-diffusion prey-predator system in which the prey species is equipped with
the group defense ability under the Neumann boundary conditions. The tendency of the predator to pursue
the prey is expressed in the cross-diffusion coefficient, which can be positive, zero, or negative. We first select
the environmental protection of the prey population as a bifurcation parameter. Next, we discuss the Turing
instability and the Hopf bifurcation analysis on the proposed cross-diffusion system. We show that the system
without cross-diffusion is stable at the constant positive stationary solution but it becomes unstable when the
cross-diffusion appears in the system. Furthermore, the stability of bifurcating periodic solutions and the direction
of Hopf bifurcation are examined.
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1. INTRODUCTION

The prey-predator system usually comes from the phenomenon of pursuit and evasion of species. The prey moves
away from the predator to expand the distance from the predator. In population dynamics, one of the strategies
used to predator-prey interaction is group defense of species. This strategy is based on when the number of the prey
is large enough, the prey to defend gathers together, instead of escape [22]. The group defense behavior of species
in the predator-prey system has to be modeled by a nonmonotonic functional response, that has several properties
described in [17]. For more information about the group defense mechanism, see [3, 15]. As examples of functional
responses describing the group defense mechanism we can mention Holling-type IV [12], simplified Monod-Haldane
[17], Ivlev-type, and Ivlev-like [7]. Also, the functional response

R(u) = % p>1, (1.1)
discussed in [10], describes the group defense behavior in prey species.

In [11], Patra et al. introduced the prey-predator system with the functional response (1.1) as follows

du w muv
du _ 1wy _

P T‘U/( k;) up+c’ (1 2)
dv _ (g — 2 ’
a = ( u—i—a)v’

where u and v denote the population densities of the prey and the predator. The parameter k represents the maximum
population size of the prey that the environment can maintain indefinitely and r represents the growth rate of the
prey population in the scarcity of any limitation. d is the reproduction rate of the predator, m is the maximum
consumption rate of prey by the predator, ¢ is the environmental protection of the prey, a is the residual loss of the
predator species due to severe scarcity of the prey species and e shows the maximum mortality rate of the predator
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population. All the mentioned parameters are considered as positive constants. Patra et al. studied the stability of
stationary points and the Hopf bifurcation for system (1.2) in the presence of delay. Also, the effect of delay on the
logistic growth of the prey for the same model was discussed [10].

In this paper, we study the cross-diffusion prey-predator system,

up — pAu = ru(l — F) — UT;‘LUC, (z,t) € 2 x (0,00),
vy — Al(a + Bu)v] = (d — n a)vz, (z,t) € 2 x (0,00), (1.3)

u(z,0) = up(z) > 0,v(z,0) =vo(z) >0, z€Q,
O,u = 0,v=0, (z,t) € 9Q x (0, 00),

where  is a bounded domain in RY with smooth boundary dQ and v is the outward unit normal vector on 9.
The diffusion coefficient p represents the diffusive rate of the prey and « represents the diffusive rate of the predator.
The cross-diffusion coefficient 8 demonstrates the tendency of the predator to pursue the prey. Also, p and « are
considered as positive constants and 3 € R. The positive cross-diffusion coefficient in predator species indicates that
the predator species tend to move in the direction of the lower density of the prey species. The negative cross-diffusion
coefficient in predator species means the predator species tend to move in the direction of the higher density of the
prey species.

In the modeling of several chemical, biological, and physical phenomena, the diffusion, and cross-diffusion terms
have crucial effect. Alan Turing in [16] focused on the effect of diffusion on the stability of a reaction-diffusion system.
He derived that the diffusion can lead an instability of the system. In [13], the authors generally analyzed the effect
of diffusion and cross-diffusion on the stability in reaction-diffusion systems. In [1] the authors found the Turing
instability using the local stability analysis and they analyzed Turing patterns caused by cross-diffusion for a reaction-
diffusion prey-predator system. Furthermore, there has been some activity on Turing patterns driven by diffusion or
cross-diffusion, see [4, 5, 9, 14, 18-20, 23]. In some cases, many researchers have paid more attention to the effect
of diffusion and cross-diffusion on the occurrence of Hopf bifurcation for the prey-predator model. For instance, in
[8], the authors studied the stability of bifurcation solutions and the direction Hopf bifurcation for a predator-prey
model with memory-based diffusion. The existence, direction, and stability of the Hopf bifurcation were studied in
a predator-prey model with general group defense for prey [22]. The authors carried out the effect of the delay and
diffusion on the Hopf bifurcation. In [2], the existence of two intersecting curves of positive steady-state solutions to
system (1.3) has been studied.

As far as we know there is no result about the Hopf bifurcation and Turing instability for the cross-diffusion system
(1.3). Our aim is to study the two mentioned concepts for the system (1.3). We obtain the sufficient conditions
for the existence of Turing instability in the system (1.3). That is in the absence of cross-diffusion the coexistence
equilibrium point of system (1.3) is stable and it becomes unstable when the cross-diffusion appears in the system.
We also investigate the direction and stability of periodic solutions of the Hopf bifurcation via the center manifold
theorem and the normal form theory. We show that the bifurcating periodic solutions through the Hopf bifurcation
are stable.

The structure of the rest of the paper is as follows: In section 2, we discuss the Turing instability in the system
(1.3). In section 3, the direction of the Hopf bifurcation and stability of periodic solutions are investigated. In section
4, we express some numerical examples to confirm the theoretical results.

2. TURING INSTABILITY

We consider the instability of coexistence stationary solution driven by the cross-diffusion for system (1.3).
The constant stationary solutions of system (1.3) are given by

e—ad r ad —e. ., e—ad

. = (v = (S S SO 1 a) 00, (ko) (2.1)
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The components of U, are positive when

0<2—a<k, (2.2)
that is u. < k. Set

X = {(¥,p) € H(Q) x HX(Q) : 00 = Dyp = O} (2.3)
The linearization of (1.3) at U, is given by

<:j:> =L (Z) = (DA +G) (Z) (2.4)

where
WA — TUse pui’r(l - ?) _mauy
L= k 2ufi—i—c ul +c (2.5)
d
Bu A + Y (a+ Bus)A
and
U
0 o G —T Uy puzr(1l — I) MU
— [ M _ 1 2) ._ + D D
D= (ﬂv* a+ﬁu*)’G_(G3 0).— k d%g*—i—c ul +c|. (2.6)
x 0
e

Consider ¢ as the bifurcation parameter and denote the eigenvalues of —A in {2 under Neumann boundary conditions
by

Also, we represent the corresponding normalized eigenfunction of A\, by ¢, for n =0,1,2,.... Then the eigenvalues of
L are obtained from the equation
N —T,(c)A+ D,(c) =0, (2.8)

for n € NU {0}, related to the matrix L,, = —\, D + G, where

U
pur(l— =)

T Uy

To(e)= -y = k= 2.
O(C) L =+ U%: Te 5 ( 9)
d2mu,v?
D =—* 2.1
0(6) = S (210)
ru, (=)
Th(c) = —(Bus + a+ p)An + To(e) = —(Bux + a + p)An — % T T e (2.11)
UL Vs
D(0) = (B + ¥t — (B + alto(e) + 252 )+ Do)
P Ux
— puzr(l = =) Bmu,v d®>mu,v?
= A2 — (e k ) ), 4 S 2.12
plat Bu)3 = (ot ) (T + ) o Dt ),y St (2.12)
The roots of Equation (2.8) are given by
T 4D, (c) — (T, (c))?
A= "2(0) Y (C)2 Tnl)® . o () £ iBa(0). (2.13)
Under the condition
s 1)u* <k, (2.14)

(=)=
E)NE
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the equation Tp(c) = 0 has the unique positive solution
e = uP 7 Hkp — (p+ Duy). (2.15)

We can rewrite Dy (c) as

D,(c) :=BE, + F,, (2.16)
where
MUV A,
= N2 — u N To(c) — usAyr(1 — %)
p Us
_ puir(l — —)
_ 2 TUx k U
= LU AL — U Ap( - s ) — s Apr(1 — ?), (2.17)
F, = pad? — aX,Ty(c) + Dy(c)
P U
—7rU pusr(1 = ?) d®>mu,v?
= padl — a\, u = x 2.18
po;, — odn(— T )+e(u£+c) (2.18)

Theorem 2.1. Assume (2.2) is satisfied. If ¢ < c., then the equilibrium point U, is unstable.

Proof. Since Tp(c) is deceasing, for ¢ < ¢,, 0 = Tp(cx) < To(c). Also Do(c) > 0 for all ¢ > 0. Hence Equation (2.8)
has a solution A with Re(\) > 0. Then the stationary solution U, is unstable for ¢ < c,. O

In the next theorem, we investigate the Turing instability in system (1.3).

Theorem 2.2. Assume ¢ > ¢, and let (2.14) be satisfied.
(1) If B =0 (system (1.3) without cross-diffusion), then the system is locally asymptotically stable at U,.
(ii) Let B> 0.
(1) 1f

pAy > r(l— %), (2.19)

then system (1.3) is locally asymptotically stable at U,.
(2) If
2y

pAr < r(l— A

), (2.20)

—F
then system (1.3) is unstable at U, for > —1

£y
(iii) Let B < 0.
(1 I
o+ Buy > 0, (2.21)
then system (1.3) is locally asymptotically stable at U,.
(2) If

_F
B < E—ll <0, (2.22)

then system (1.3) is unstable at U,.
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Proof. Firstly note that for ¢ > ¢, Ty(c) < 0 and Dy(c) > 0. So, for ¢ > ¢,

Fy = pa)i — a\Ty(c) + Do(c) > 0.
Now we proceed the proof.
(7). Let 8 =0. From (2.11) and (2.12), for n € N, we get

Tn(c) = —(u+ )\, + To(e) < —(p+ a)\, <0,

Dy (c) = par? — aTp(c)\, + Do(c) > 0.
Then for n € NU {0}, T,,(c) < 0 and D,,(c) > 0. So according to Equation (2.8), all eigenvalues of the operator L
have negative real parts. Therefore, system (1.3) is locally stable at U..
(7). Let B > 0. We have T),(c) < 0 for ¢ > ¢,. By (2.17), we have

B, =pu\2 — u Ay To(c) — wedpr(1 — %)
Usx
?) — To(c)).
With the condition (2.19) and A,41 > A, for n € NU {0}, we obtain E,, > 0. Since F,, > 0 and by (2.16), then
D,, > 0. So the case (1) is satisfied. From (2.20), and (2.17) for n = 1, we obtain

=usAp (A, — (1 —

p U
u, ru, pukr(l — ?)
Br=u (g —r(1 =y e T k7
1= 1(,u1 ( k)+ k ul + ¢ )
U
Mg —r( = 2 puert =) 0
= Uy 1</.L 1-7"( _k)_1ﬁ:-|—c>< .

-F
Also we have Di(c) = BF1 + Fy <0 for 8 > Tl Then Equation (2.8) has a solution with positive real part. Hence
1

U. is unstable for system (1.3).

(7i1). Let 8 < 0. We know Typ(c) < 0 and Dy(c) > 0 for ¢ > ¢,. Using conditions (2.21), (2.11), and (2.12), we have
To(e) = —(Bus + @+ p)n + To(e) <0,
B, vy

Dy(c) = u(Buy + a) 2 — ((ﬂu* + a)Tp(e) + o ))\n + Dy(c) > 0,

*

for n € N. So the system (1.3) is locally stable at U..
By (2.22), we get D1(c) = BE; + Fy < 0. Then Equation (2.8) has a solution with a positive real part. Hence U,
is unstable. ]

3. HOPF BIFURCATION ANALYSIS

We investigate the Hopf bifurcation for system (1.3) at the equilibrium point U,. Also, we study the direction of
the Hopf bifurcation and the stability of bifurcating periodic solutions.

Theorem 3.1. Let (2.14) be satisfied. For ¢ = ¢, we have

(1) if >0, and (2.19) is satisfied, then system (1.3) under the condition k # 3u. has a Hopf bifurcation at Uy;
(i1) let B < 0 and (2.21) be satisfied. Then system (1.3) under the condition k # 3u. has a Hopf bifurcation at U,.

Proof. From (2.15), we get To(cs) =0 and Dg(cx) > 0. Let 5> 0. For n =1,2,..., we have
Tn+1(c*) = _(,u +a+ Bud)Apyr < _<M +a+ ﬁu*)An = Tn<c*) <0,
using (2.7) and (2.19) for n =0,1,2, ..., we obtain
U
Dyia(en) = pla + Bua) Xy = Busr(l = =%)Ang1 + Do(c)

k
(=)=
E)NE
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= paX2 1 + Budnia (hnes — (1= 25)) + Do(e.)
> Dp(ci) > 0.
Let 8 < 0. Using condition (2.21) , we have
Thgr(es) = =(p+ a+ Bu)dnir < —(p+ a+ Pu)dn = Ta(er) <0,

and
U
Dyya(e.) = pla+ Bu)Ap g — Buar(l — — Ant1+ Doles)
>+ Bu)X; = Buar(l = Z5)An + Do(c.)
= Dp(c.) > 0.
Then in these cases, L has a pair imaginary eigenvalues at ¢ = ¢,. On the other hand, since k # 3u.,
/ r(k — 3uy)
v) = ——F—= # 0. 3.1
CVO(C ) 2]€(’U,€+C*) # ( )
where ag(c) is defined by (2.13). Hence the cases (i) and (ii) follow from the Hopf theorem [6]. O

In the sequel, we investigate the Hopf bifurcation for the system (1.3) on Q = (0,In) for [ € R*. System (1.3) on
Q = (0,1n) has the following form

u muv
ut:Mum—’—ru(l_E)_uPtc’ x € (0,imr), t >0,
_ _ 2
vy = ((a+ Bu)v)  +(d = a)v , x € (0,lm), t>0, (3.2)
uz(0,t) = uz(Im,t) =0, t>0,
v (0,t) = v, (I, t) =0, t > 0.
It is remarked that for n = 0,1,2,..., the eigenvalue A, and the corresponding eigenfunction ¢, of the operator

U —> —Ugy on (0,l7) with zero Neumann boundary conditions are expressed by

/1
)‘0:03 ¥o = Ev

n? \/7 nx
)\n - l727 QDn(fE) - E COS(T)? n= ]‘72’ et

X = {(%1/)) € Hz(o,lﬂ) X Hz(oa lﬂ—) : SOCL‘(O?t) = Cpm(l’]rvt) =0, ¢z(07t) = ﬂjm(lwat) = 0}
For the sake of convenience, in system (3.2) we translate the equilibrium point U, to the origin. Then system (3.2) is
rewritten as,

Ut \ U u fl (U, v, C) .
<vt> -D (Um) + G(v> + <f2(u’v7c)> — LU + F(U,¢), (3.3)
where D and G are defined by (2.6) and

Let

p=Ll¢c, P P p P
o muspuy (W4 o)(p+1) —2pui) o m(ui 4 ¢ — pux)
filuv,e) = (- + 2l + o) o e

N (mpu’i_l((u]i +op+1)— qui))u% (mv*up_Q(ﬁ —p)  mwui’p?

2(ul + ¢)3 6(ul + ¢)? (uk + ¢)?
moaP 40,13
i)+ Oul’ [ulleD), (3.4)

d%f 2d2%v, 2d3v, d2 9 d*v?

fa(uyv,0) = Bluv)er — (=50 + (= )uo = (S g7 )wlv + ()we® + (57)v
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+O(lul, [olJul, o] |ul?). (3.5)

In this paper we denote the standard inner product in L?(0,l7) x L2(0,In) by < g,h >= folw g'hdz. Now define the
operator L* on X by

. pulr(l — %) 202
L (“) | A e Bt (“) . (3.6)
v MU v

Using Green’s formulas and the zero Neumann boundary condition, for W, U € X, we have
<W,LU >=<W,DA(U)+GU) > (3.7)

™ U 0 u Giu+ Gov
GG o) 2 () (Pa) e
It 1
= / wy (,uAu—l— Giu + GQ’U) + wo (BU*Au + (a4 Bus)Av + Ggu)]dm
OlTr:
-
I
)
It
_ I By w Gy G w u
16 W) G (@ D)) e

puAw; + uGrw + vGawi + ufv. Aws + v(a + Pus)Aws + uGgwg] dx

(qul + Girwy + BuyAws + G3w2>u + (Ggwl + (a4 Bu*)Aw2>v} dx

=< L'W,U > . (3.8)
where D and G are defined by (2.6). Then L* is the adjoint of L. Now put
eBoi 1 d?v2i
— | 72,2 * —a
q: dlv* K N (3.9)
.. N : ma, d?v?
where i is the imaginary unit and 3y := Bo(cs) = VDo = [/ ——5——~. Hence
e(ul + cx)
. . M
Ha _u;n—:—Lc cbot P+
L(C*)q = A d2vz * *A d%f = dQ’UE ( 6502 ) ) (310)
PusA + c (o + Bus) 1 e d?v?
Since
MUy eBa(cy)
T = (3.11)
from (3.10) we have
By
Licg= | d202 | =iBoq- (3.12)
iBo
Again using (3.11), we obtain
d2 2 2 9. d2’l)f
L*( ) . 1 ,UA /BU*A‘Fi d’U*Z _ e
G =50 mu (0 + Buy)A 6?0 =9 | —mu.de?i
ul + ¢, eBo(ul + c.)

(=)=
E)NE
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1 d?v?
= 5 e = —iﬁoq*~

Also, we have < ¢*,¢ >=1, < ¢*,q >= 0. According to [6], X = X* ® X° where
X ={z2d+2q:2€C}, X’ ={we X < q",w>=0}.

Therefore, for each U = (u,v)? € X, in can be written in the form

u _ w1
(o) = (22)
v w2

where 2q 4+ 2q € X¢ and w” = (w1, ws) € X*. Hence
2=<q*U> w=U-<q¢"\U>q—<q",U>q.

Therefore (33) in (z,w) coordinates becomes,
%

where fY = (fl,fg)T defined by (3.4), (3.5) at ¢ = ¢, and
H(z,zZw) = f'= <q" [' >q-<q.f'>q

" =ifort < gt fV >
—LerH(z Z,w),

Then, we get
. €ﬁoi 2 9. —6602'
_ f1 —d%v?i fo d“vzi fa —
H — _ J2 2.2 | — 2,2
(szvw) <f2 ( QQBO f1+ 2) dlv* (2€ﬂ0 fl ) dlv*

f Boi . fi b

<f1> + ol t g - 2€d2(;;2f2 (0)

= - 2,,2 = .
J2 2;Zf1+é+2zzf +f 0

So the center manifold of system (3.17) can be expressed by

w= (502 +wnzz+ (G2 +0( 2 [,

such that (2iy — L)weg = 0, Lwi; = 0 and (2i8y + L)woz = 0. Hence we obtain wey = wpz = w11 = 0.

Based on [6], we can rewrite ¥ as follows,
1 1
where
B1(U,V) Cy (U, V, V)
B(U,V) = cU,v,W) =
0= (o) 0= (G )

with the following components

2 agfi(%c*)

B;,(U,V) =
( ) jk=1 0707

UjVE |7:0, L= 1,2 s

2

afi')/ac* .
Ci(U, V, W) E VW] |v=0, 2 =1,2 .
A 990mdn T

301

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)
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By calculation we derive

—9r N muapul (Ul + ¢.)(p + 1) — 2pul) (m(uff + ¢y —pug))

Bl(U,V) = )U1U1 -

( k (uf +¢.)3 (uf +c.)?
X (uyvg + ugvy),
2d3v2 2d%v,
B2(U, V) = —( o2 )u1v1 + ( . )(’U,lvg + UQ’Ul),
p—2/.3 2p—2_3 3p—2 3
muuk “(p® —p)  6mou.u’ p 6muu’ “p
L,V w) = ( W +c)? (Wl +e)? (uf + c)? Juvien
p—1 P P
MPUs ey +ux)(p+1) — 2pui
+ ( P (« St 1)~ 2 ))(U101w2 + urvows + ugviwy),

(uf +c.)3

6d*v? 4d3v,
CQ(U, V, W) = ( 63 )ulvlwl ( 62 )(Ul’UlcUQ + U1 V2W1 + u201w1)

2d?
+ (7)(“11}2(“)2 + ugviwo + ’LLQ'UQOJl).

Therefore, system (3.17) restricted to the center manifold in z and Zz coordinates is as follows,

d hao h h
- = ifoz+ < ¢, fY >=ifoz + —22 + hp12Z + 222 + 212224+ 0(] 2 |Y), (3.24)
dt 2 2 2
where
[, —2r  mupul (Wl +c.)(p+1) — 2pub) | efoi
hoo =< ¢*, B — (=
20 =< ¢, (QaQ) > 9 {( L + (ug_i_c*)g )(dQ’UE)
_2m(uf + e — pu) 268 APoi (3.25)
(Ul + c4)? dv2 vs |’ '
. _ 1[,=2r  mu.pud (W + ) (p+1) — 2pul),  —efoi. 2832
h11 =< B(q,q) >==|(— — , 3.26
11 q, (q CI) 9 |:( L + (u + 4 )3 )( dZUz ) d’U,% ( )
» _ 1] mua2 2 (p® —p)  6muuZl™?pd  6mu,ull?pP | 232
h21:<q70(q7%q)>_7 ( P 2 - 3 D 4 ( 42)
2 (ul + cy) (u + c4) (uf + ¢) d*v?
N (mpui’_l((uf +e)p+1)— 2puf))(—e,80i) 6851 485 | 2Boi (3.27)
(U + ¢,)3 d?v?2 d?vd  dod v2 |’ '
According to [6], we have
Recy(e.) = Re( - ' (haohys — 2 | B |2—1|h 24ty _p ( haohas + M2
1(Cx ﬂ 20h11 — 11 02 5 5 201 + =5
-1
7Im(h20h11) + Re(hgl) (328)
260

By a simple calculation, from (3.25)-(3.27), we get

m(haohiy) = 1[(—27" N mupul ((uk +c)(p+1) — 2pu*)) ((2m(u* + Cy —pu*))( efo )

41 k (ul + ¢,)3 (Ul + c4)2 d2v?
4ef3y 850
- ﬁ) ot (3.29)
and
L[ o muul 2(p3 —p)  6muu2? 2p®  6mo.ull > e2B2. 48?2
Re(ha1) = 5 ( P 2 - P 3 2 )( 1 3) :0), (3.30)
2 (uf + cx) (u¥ + ¢x) (Ul + c4) dv? dv3

(=)=
E)NE
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Then, we obtain

Reey(e.) — —1 [(—27' N mu.pul (Ul + e)(p+ 1) — 2pu§)) (Zm(uf + c. —puf))( eBo )
el = 8B k (ul + ¢,)3 (Ul + c4)2 d2v2
def33 833 1 mv*up_Q(p3 —p) 6mu,uZf " 2p  6muui? " 2pd e?B2 432
Coddt) dT)i’] 4 [( W2 +c)? (W He)? (Ul + i )* d4vf) a dT}f]
Y eB3 8y (me (p° = pPul™® | mu,(p? — 5p*)ud? 4mv*p3u$p*2)
4 d3vt’ | N d (Ul + c4)? (Ul + c,)3 (Ul + ci)t
2mu, (p? — p)ul ™ B dmu,p2u?P!
(uf + ¢4)? (uf 4 ¢.)3
p—2 2 T
NPV U eB Us m
- . 1M o1
T+ e @) [P T B )
2uy
Fu(p-1- 2
p—2 2 T
mpuuk efs QU s (s + a)
- * 2 * —-1- -
W 2 or) | P TPt 20) (0= 1= ) = =
4,
3p—1— 2 ).
R u*>)}
If
3(p + 1)us (p+ 1)us
<k< , 3.31
3p—1 p—1 ( )
then
22U 4,
-1—-—<0,3p—-1— ——>0. 3.32
p ) P = (3.32)

Therefor, Recy(cx) < 0. Note that according to (3.1), af(cs) < 0 when k < 3u, and af(c.) > 0 when k > 3u,.
Furthermore by Theorem 2.1 in [21], we can determine the direction of bifurcation. Hence The above calculations
prove the following theorem.

Theorem 3.2. Let (3.31)be satisfied. Assume (2.19) in the case 8 > 0 and (2.21) in the case 8 < 0 hold. Then for
¢ = ¢, system (3.2) has a Hopf bifurcation at U, and

(1) if k > 3u, then the direction of the Hopf bifurcation is supercritical and the bifurcating periodic solutions are
asymptotically orbitally stable;

(ii) if k < 3us, then the direction of the Hopf bifurcation is subcritical and the bifurcating periodic solutions are
asymptotically orbitally stable.

Remark 3.3. From a biological perspective, when the system (3.2) has a stable periodic solution, the populations of
both prey and predator species change in a cyclical manner. This implies that the predator and prey populations are
able to coexist and keep a stable relationship. In other words, all species are able to coexist without any being wiped
out, ensuring the balance and survival of the ecosystem.

4. NUMERICAL SIMULATIONS

In this section, we perform some numerical simulations of the system (1.3) to illustrate our theoretical results. Since
the distributions of prey and predator are of the same type, we only give the numerical simulation of the prey.
Example 4.1. Consider system (1.3) with Q = (0, 7) and

a=14, =21, p=2, r=3.1, e=0.5, (4.1)
d=02,a=03 k=41, p=2 m=38.
an
BE
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(a) Graph of u(z,t) for c =4 > cx«. (b) Graph of u(z,t) for ¢ = 3.2 < c«.

FIGURE 1. Numerical simulations of u(z,t) for system (1.3) under (4.1).

Then the positive constant steady state solution of system (1.3) is (u.,v.) = (2.2,1.5) and ¢, = 3.52. Also, we

have 3u, = 6.6 >k =41and 1 = X > Z(1 - %) = 0.72. From Theorem 3.1-(i) , a Hopf bifurcation occurs at
]. * ]- * . . . .
(us,vy) = (2.2,1.5). In addition, 3(2—'——)? = 3.96 and M = 6.6. Hence, the inequality (3.31) is satisfied.
P — pb—=

Therefore, from Theorem 3.2-(ii) , the bifurcating periodic solutions are asymptotically stable and the bifurcation
direction is subcritical. By choosing ¢ = 4 > ¢,, then the condition (2.19) in Theorem 2.2 is satisfied. So, system (1.3)
is asymptotically stable at (u.,v.). This is shown in Figure 1(a) , by taking the initial condition as

(uo(x),vo(z)) = (2.2 4 0.01 cos(10z), 1.5 + 0.01 cos(10z)). (4.2)

By choosing ¢ = 3.2 < ¢, and the initial condition (4.2), as we can see in Figure 1(b) , a stable periodic solution is
formed.

Example 4.2. Consider system (1.3) with Q = (0,67) x (0,67) and

a=p=1, =500, r=92 e=5 d=28, a=0.6, k=43, p=3, m=15. (4.3)
Then ¢, = 11.47 and (us,v.) = (1.18,5.83). The eigenvalues of —A with the Neumann boundary condition in
Q= (0,67) x (0,6m) are determined by

1
Amn = %(m2 +n?), myn=0,1,2,....

1
Then the first positive eigenvalue is A1(2) := Ag1 = 36" In addition, we choose ¢ = 14 > ¢,. Under the mentioned

1 2u, —F : .
parameters, we get 36 = A1 < Z(1 - Z ) = 4.13 and E—l = 330.74. Then (2.20) is satisfied and by Theorem
1

2.2-(ii) the Turing instability occurs at (u.,v.) = (1.18,6.96) for system (1.3). In Figure 2, we take the following
initial condition

(uo(z,y),vo(z,y)) = (1.2 + 0.01(sin(2x) + cos(2y)), 7 + 0.01(sin(2z) + cos(2y))).
We see in Figure 2, that the Turing instability leads to the formation of a spot pattern.

5. CONCLUSION

We studied a nonlinear cross-diffusion prey-predator system involving a nonmonotonic functional response, under
the Neumann boundary condition. We obtained sufficient conditions of the Turing instability and the Hopf bifurcation
for system (1.3). We used the idea of Turing to show that the cross-diffusion changes the stability of the system (1.3).

The stability of the system (1.3) with and without cross-diffusion term was determined. Based on Theorem 2.2,
when = 0, system (1.3) is stable. Moreover, for 8 > 0, under condition (2.20), and for 8 < 0 under condition (2.22),
system (1.3) is unstable. We found that the prey-predator system (1.3) under condition (3.31) has stable periodic

(=)=
E)NE
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(a) t=1. (b) t = 10.

(c) t = 20. (d) t = 100.

FIGURE 2. The process of Turing pattern of u(z,t) for system (1.3) under (4.3) and ¢ = 14 > c,.

solutions through the Hopf bifurcation. Also under the condition 3u, # k, the direction of bifurcating periodic
solutions has been determined in Theorem 3.2.
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