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ABSTRACT. A diffusive predator-prey model with Holling type II functional
response and the no-flux boundary condition incorporating a constant prey
refuge is considered. Globally asymptotically stability of the positive equi-
librium is obtained. Regarding the constant number of prey refuge m as a
bifurcation parameter, by analyzing the distribution of the eigenvalues, the ex-
istence of Hopf bifurcation is given. Employing the center manifold theory and
normal form method, an algorithm for determining the properties of the Hopf
bifurcation is derived. Some numerical simulations for illustrating the analysis
results are carried out.

1. Introduction. One of the most important and popular interactions between
species in ecology environment is the predation interaction (see [17]), which has been
modeled by the predator-prey system and considered extensively in many aspects
with many different functional responses without diffusion (see [5, 15, 22, 23, 25, 39])
and with diffusion (see [3, 4, 6, 7, 19, 24, 29, 30, 31, 37, 38, 40]). After Crombic,
a biologist, did the beetles experiment and discussed the effect of prey refuge in
1946, who points out that the term of the prey using refuge impacts the density of
the equilibrium which is so called the stabilizing effect (see [11, 13, 35]), scientists
turn to consider the dynamics of the system with all kinds of response functions
incorporating a prey refuge without diffusion (see [1, 2, 8, 12, 16, 18, 21, 26, 27, 28,
32, 33, 34] and with diffusion (see [9, 20]). Especially, Gonzalez-Olivares and Ramos-
Jiliberto in [8] incorporate a new ingredient in an original Lotka-Volterra predator-
prey model by adding a refuge term for the prey and consider the dynamics of the
Rosenzweig-MacArthur predator-prey model. They show that adding two different
types of prey refuge, including adding a constant proportion of prey using refuge
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and a constant number of prey using refuge (see [36]), enhance the stability of the
equilibrium when the prey refuge is small. Chen et. al. in [1] show the instability
and global stability properties of the equilibria and the existence and uniqueness
of limit cycle for a predator-prey model with Holling type II functional response
incorporating a constant prey refuge. Ko and Ryu in [20] and Guan et. al. in [9]
consider the dynamics of a diffusive predator-prey model incorporating a constant
proportion of prey refuge, including the existence and the stability of steady-state
solutions and the Turing space. However, to our knowledge, there are surprisingly
few conclusions in the diffusive predator-prey model with Holling type II functional
response incorporating a constant number of prey using refuge, which is motivated
for our paper.

Chen et. al. in [1] and Gonzalez-Olivares and Ramos-Jiliberto in [8] have con-
sidered the following Holling-II predator-prey model incorporating a prey refuge:

du:au(1—£>— B(u —m)v

dt K 1+a(u—m)’ 1)
dv ., cB(u—m)
&_U( +1+a(um)>7

where u represents the prey density and v represents the predator density; « is
the intrinsic per capita growth rate of prey; K is the prey environmental carrying
capacity; [ is the maximal per capita consumption rate of predators; a is the amount
of prey needed to achieve one-half of 3; r is the per capita death rate of predators;
c is the efficiency with which predators convert consumed prey into new predators.
m is a positive constant representing taking m (u > m) of the prey from predation
and leaving u — m of the prey available to the predator. The parameter ecological
meaning can also be found in [1] and [8].
For simplicity, we take the following scaling:

[C—

u=u—m, v=—v, m=am, K =aK, 7= —r
a

and still denote @, T, m, K, 7 as u, v, m, K, r, respectively. Then system (1) with the
diffusion, the Neumann boundary condition and the initial value takes the following
form:

ou u+m uv
atdlAqua(Uan)(l e >1+u’ xe, t>0,

ov cu

&—dgAv—i—v(—r—i—lJru), e, t>0, 2)
ou  Ov

—_— = — = >

Er 0, t>0, z €09, B

U(O,Z') = Uo(I) > 07 ’U(O,l’) - UO(:E) > 07 T e Q?

where d; (j = 1,2) is the diffusive coefficient and the region Q represents the
living environment of the prey and the predator. In this paper, we always consider
Q = (0,ir) and [ € RT. In biological meaning, the Neumann boundary condition
represents no-flux in the boundary region, that is there is no species or individuals
in or out the living environment and the living environment is closed. In this paper,
we focus on the stability and Hopf bifurcation of system (2).

The rest of our paper is organized as follows. In Section 2, by analyzing the
distribution of the roots of the characteristic equations, the stability of the positive
equilibrium for system (2) is obtained. And by applying Poincaré-Andronov-Hopf
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bifurcation theory, we get the existence of periodic solution bifurcating from the
positive constant solution for some ranges of the parameter m. In Section 3, an
algorithm for determining the direction of the Hopf bifurcation, the stability and
the period of bifurcating periodic solutions are derived by applying the normal form
theory and the center manifold method of partial differential equations (see [10]).
Finally, some numerical simulations are presented to illustrate the analytic results
in Section 4.

2. Stability of the positive equilibrium and Hopf bifurcation. In this sec-
tion, we consider the stability of the positive equilibrium for system (2) by analyzing
the distribution of eigenvalues in corresponding linear system of system (2).

By the biological significance of system (2), we are interested in the stability
of the positive constant equilibrium. It is not difficult to calculate that under the
following hypothesis

(H1) ¢>rand 0 <m < min{K — 6,6},
system (2) has a unique positive constant solution E, = (6, vg), where

and uez%(fmm) <1—9+m). (3)

r

0= I

Applying the similar method mentioned in [14, 20, 40], we have the following con-
clusion for the globally asymptotically stability of E. (6, vs).

c—r

Theorem 2.1. Suppose that either 0 < K <1 or K >1 and (K —-1)/2<m< K.
Then the positive equilibrium E.(0,vg) is globally asymptotically stable.

Proof. Define

E(u(t, z), v(t, z)) /lw/ Cpf( d{dx+/l7r/ 1= inda,

where p(u) = u/(1 + u). Then

I _ I o
Biu) = [ "p(“))rutdw | e = 1)+ (),
0 0

p(u v
where
lm I
R0 = [ G+ Sotde, B0 = [ clotw) - pO)llatw) - g(0))ds
and
~alut+m)(K —u—m)(1+u)
9(u) = u :
vy ou?(—2u+ K —2m — 1) — m(K —m)

Notice that, for any v > 0, ¢’(u) > 0 when 0 < K <1lor K >1but (K —1)/2 <
m < K. That is, [p(u)—p(9)][g(v)—g(0)] < 0, which leads to I5(t) < 0 for any u > 0.
Thus, E; < 0 along an orbit (u(t,z),v(t,z)) of system (2) with any non-negative
initial value (ug,vo) # (0,0) and E; = 0 only if (u(t,z),v(t,z)) = (0,v9) = E.. O

Due to the conclusion of Theorem 2.1, we next always assume that the parameters
di,do, o, and K are all fixed positive numbers satisfying K > 1 and 0 < m <
(K —1)/2, the parameters m and ¢ are two arbitrary positive quantities. In view
of the definition of § in (3), we know 6 is an arbitrary c—dependent quantity. Now,
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we consider the stability of the positive equilibrium E,(,vg) in system (2) as the
positive numbers m and ¢ (also ) vary.

Applying the conclusions of Yi and Wei in [40], we make some notations as
follows. Define the real-valued Sobolev space

X = {(u,v)T s u,v € HA((0,17)), (g, Vi) |om0in = (0,0)}
and the complexification of X to be
X(C =X D 1 X = {(xl +y1) + Z(SUQ -+ yg) : (.’El,yl)T, (l’Q,yQ)T S X} .

For the sake of convenience, we denote u;(t) = u(t,-), ua(t) = v(t,-) and U =
(u1,u2)T € X. Then system (2) can be rewritten as an abstract differential equation
as follows:

U(t) = dAU(t) + L(m)U(t) + F(U(t)), (4)

where

L(m) = (égzg B (Om)>, d = diag(dy, ds), dom(dA) = X,

u+m uv
P - a(u+m) (1 - Tx ) “Tra A(m)u — B(m)v (5)
<7’ + 107 v—C(m)u
and
Alm) = 3223 (rm? =+ (26 — 2667 — Kr)m + 0(=2e6” + (cK +7)0 — K1),

B(m) = —g <0, C(m) = %(—mQ + (K — 20)m + (K — 0)) > 0.

The linearized equation of system (4) at F,(6,vp) has the form:

U(t) =dAU(t) + L(m)U(t) (7)
and its characteristic equation is
Ay —dAy — L(m)y =0, for some y € dom(dA)\{0}. (8)

It is well known that the operator u — Aw with d,u = 0 at 0 and I7 has eigenvalues
—n?/1? (n € Np) with the corresponding eigenfunctions cos(nz/l). Let

%) a, n
¢ = Z‘; (bn> cos (Ix)

be an eigenfunction for A + L(m) with the eigenvalue A, see also [10]. Hence, from

the nth equation of Eq. (8), we have

N+ T, (m)A + Dy (m) =0, (9)s,
where )
T, (m) = (ds + da) 35 — A(m). (10),
’ﬂ4 TL2
D, (m) = dida— — doA(m)— — B(m)C(m). (11),

4 12
We know from [40] that system (2) undergoes a Hopf bifurcation at the bifurcating
point m* which satisfies that

Tn(m*) =0, D,(m*) >0 and T;(m*) # 0, D;(m*) # 0 for any j #n
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and for the simple pair of complex eigenvalues near the imaginary axis wi(m) +
iwa(m), w1(m*) =0, wa(m*) # 0 and wf(m*) # 0.

Next, we consider the sign of T,,(m) and D, (m) in detail.

When n =0, Dy(0) > 0 and To(m) = —A(m). E. is locally asymptotically stable
if A(m) < 0, simultaneously, F, is unstable if A(m) > 0 and a potential spatially
homogenous periodic solutions occur if A(m) = 0.

A straight computation gives that

1

mo(0) = - (K + 206> = 20r — /493> + 7K (12)
r

is a root of A(m) = 0 ( also is a root of Ty(m) = 0), which also is a potential Hopf

bifurcating point as the hypothesis
(H2) K >1and 0 <6 < (K —1)/2 (or equivalently ¢ > (K + 1)r/(K — 1))

holds via Theorem 2.1, and it is not difficult to see that mg is a function of 6 which
we write as mg(0).
Now, we assume (H2) holds and consider the case of n > 1 in (10),, and (11),.
From (10),, T,,(m) = 0 has a solution leads to

n2

A(m) = (dy + d2) 75 (13)

has a solution. From the formula of A(m) in (6) and visually explanation in the
following Figure 1,

(d1+d2)TN1+1)2/I2

(d,+d,) ﬁyﬁ
o]
\ A(m)
LT
m. m, (K-1)/2 symmetry axis of A(m)

m

FIGURE 1. The relationship among A(m), (di + d2)n?/1? and m.
The green solid line represents the symmetry axis of A(m); the
pink solid line represents the line of m = (K — 1)/2; the red solid
curve represents the curve trend of A(m) as m varies and the blue
ones represent the value of (d; + d2)n?/I? as n varies.

we have
>0, asm € (0,my),
A(m){ =0, as m = my,
<0, asm € (mo, (K —1)/2)
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and

A(0) = max (—2¢0* + (Kc+1)0 — K1),

«
A = —
mel0,(K—1)/2] (m) K
which implies that the potential bifurcating points of system (2) must belong to
(07 mO] .
Solving Eq. (13) gives

n2

2c0? + Kr — 20r — \/T2K2 + 4c260* + 4cK63(dy + dg)l—2

My = my(0) = o (14)

satisfying 0 < m,, < (K — 1)/2 and the following properties.

Lemma 2.2. The bifurcating points m.,,(0) are finite, that is, there is a non-negative
integer N1 € Ng, such that m,(0) are bifurcating points as 0 < n < Ny, for other-
wise, my,(0) are not bifurcating points for any positive 8 and n > Ni.

Proof. We note that A(0) is a locally maximum value of A(m) asm € [0, (K —1)/2].
That is, when n is big enough to A(0) > (d; + d2)n?/I?, we have T, (m) > 0,
which means system (2) does not exist any purely imaginary roots. Solving the
equation A(0) = (dy + do)n?/1%, we have T,,(m) = 0 has a unique solution m,,(6)
as 0 < n < Ny and T,,(m) = 0 has no solutions as n > Ny, where

al?

Ny=|—
V70K (dy + do)

(—2c0* + (cK +7)0 — K7)
O

Lemma 2.3. Forany > 0 and 0 < n < N1, m,(0) have the following relationships
0<mpy,(0) < <mp() <mp_1(0) <--- <m1(0) <me(d) < (K —1)/2.

Proof. From the formula of m,,(0) in (12) and (14), we have the conclusion directly.
O

Figure 2 shows the phenomena of Lemma 2.2 and Lemma 2.3:

0.4

0.3 1

0.2 q

0.1} 4

—0.2} 4

FIGURE 2. The phenomena of Lemma 2.2 and Lemma 2.3. Here,
r=1,K=55a=1,dy =2,ds =0.5.
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Apparently, we have T,,(m,) =0, D,(m,) >0as 0 <n < N; and T;(m,) #0
for any j # n. For convenience, we make the hypothesis

(H3) dy/dy > a(K — 1 —20)%/(4cK).

Clearly, (Hs) holds when D;(m) > 0 is satisfied for any j # n and any m €
(0, (K —1)/2).
A straight calculation shows that the transversality condition is satisfied.

Lemma 2.4. Assume (H1) and (H2) hold. Then for any m € (0, (K —1)/2), we
have

Re(X (m)) < 0.

Proof. Suppose that the root of Eq. (9), has the form A(m) = wi(m) + iwa(m),
where w;j(m) € R for any j = 1,2 and

A’'(m) e

’ _ _ _ _ 2 _

Re(A'(m)) =wi(m) = 5 = 3R (2rm + 20r — 2¢6” — Kr).

By the admitted range of m, we have Re(N(m)) = wj(m) < 0 for any m €
0,(K —1)/2). O

Summing up the above arguments, we obtain the following significant conclu-
sions:

Theorem 2.5. Suppose the hypotheses (H1)—(H3) hold. Then there are N1 + 1
bifurcating points m., satisfying

0<mpy, <mpn,—1 <---<mg <mg<(K—-1)/2,

such that system (2) undergoes Hopf bifurcation at m = m,, for any 0 < n < Nj.
Moreover, we have

(i) if 0 <m < myg, then E, is unstable;
(il) if mo <m < (K —1)/2, then E, is locally asymptotically stable;
(iii) the periodic solutions bifurcating from m = mq are spatially homogeneous and
the periodic solutions bifurcating from m = m,, (1 < m < Ni) are spatially
non-homogeneous.

Remark 1. Comparing with the system (1) or (2) with m = 0 considered in [40],
we obtain that adding a constant number of prey using refuge m does enhance the
stability of the positive equilibrium which coincide with the results in [8] and other
corresponding papers concerned the system incorporating a constant number prey
refuge.

We give a visual illustration to the stability of E, by Figure 3 and Figure 4.

3. Direction of Hopf bifurcation. In this section, we shall study the direction of
Hopf bifurcation near the positive equilibrium, stability and the period of bifurcating
periodic solutions by applying the normal formal theory and the center manifold
theorem of differential equations presented in [10]. For some fixed 0 < n < Ny, we
denote m = m,, © = ws(m,) and compute the bifurcation direction near E, at
m = m and the purely imaginary root denoted as A = wo(m)i = wi.

We make a variable change in system (2) by denoting u and v as u—6 and v — vy,
respectively. Drop the tilde as a matter of convenience, then the first two equations
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FIGURE 3. The stability diagram of E* with m and K. Here, the
green line m = myg represents the first Hopf bifurcating curve.
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N
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7 Ve 7 e
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m=m < - . 2
(0] - - - s
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- g - e - s
< u.s X i - 7 -
o (K-1)/2 [2) K

FIGURE 4. The stability diagram of E* with m and 6 as K > 1.
Here, the green line m = mg and m = m, represent the Hopf
bifurcating curve.

of system (2) can be transformed into

@:dlAu—i—a(u—i—m—l—Q) 1_u+m—|—9 _(u+¢9)(v+vg),
ot K 1+u+6 (15)
gt~ ovTivT e " 1+u+6)’

for v € = (0,lm) and ¢ € (0,4+00). Using the similar notations as in (4) and (5),
we rewrite system (15) as the following abstract differential equation:

U(t) = LU + F(U,m), for any U = (u,v)” € X, (16)
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where N
~ — A—i—ahai22 B
L=dA+ L(m) = ~ Oz 2 |, 17
+ L) ( g %aﬂ) 7
~\ FI(U7T7L)
F(U,m) = <F2(U, ﬁz))
ut+m+0 (u+0)(v+wvg) ~ =
- a(u—|—m—|—0)(1— 7 T T utd — Au — Bv
- c(u+0) ~ ’
(U+UG) <—7"+ 1—|—U—i—9> —Cu
(18)
" @+7) r(-+ )
~ ~ 20+m) r@+m 0+m
A-A(m)-a(l— X T e 1- % )) 19)
~— m ——i N: m) = Yo
B = B(m) = C<0,C C(m) (1+0)2>0.

Let < -,- > be the complex-valued L2 inner product on Hilbert space X¢, defined
by

I
< Uy, Uy >:/ Uiug + V1vade, for any U; = (uj,vj)T € Xc and j =1,2. (20)
0

With the help of the definition of inner product in (20), we define the adjoint
operator of the operator L as L* on D;. = Xc satisfying

0? ~ ~
~ dim— +A C
L* = ox
_ 92
B da 922

By a direct computation, we obtain respectively the eigenfunctions of L and L*
corresponding to the eigenvalue iw and —iw on X¢ denoted by

q= (1, bn)Tcos (%x) and ¢* = (a;‘L, b;)Tcos (?m)

satisfying < ¢*,q¢ >=1 and < ¢*,§ >= 0, where
2~ 2
—dzn + ii, al = 1 CEQ—nz and b* = iz
B2 B " Im @Wim "o nw
We decompose X = X @ X with the center subspace X := {zq + 2G: z € C}
and the stable subspace X* := {u € X : < ¢*,u >= 0}. For any (u,v)T € X, there
exists z € C and w = (wy, wy)” € X such that

n n
u o w U = 2z COS (ﬂl:) + zZ cos (f:c) + wq,
(U) =z2q+ 20+ <w;> or Lo L n (21)

v = b,z cos (71“) + b,z cos (Tx) + ws.

by =

From (21), system (16) is equivalent to the following system:

d -
& iwz+ < ¢*, Fy >,
gt (22)
E:Lw—I—H(z,E,w),

where
H(z,27w):F0—<q*,F0>q—<q7,Fo>q (23)
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and Fy := Fy(zq + 24 + w).
On the other hand, Fy has the form from [10]:

Fy(U) := %Q(U, U)+ %C(U, U,U)+O(U"),

where U = (u,v)T, Q and C are symmetric multilinear forms. Here, using the
notations mentioned in [10] and [40], we denote Qxy = Q(X,Y) and Cxyz =
C(X,Y,Z). A straight calculation shows

Qqq:<§Z> COb( ) Qaq = Qqqs

Qqq = (fn) cos® (nw) , Coqq = (Z:) cos (71;) ,

where
Cn = Fluu + 2F1uvbna dn = F2uu + 2F2uvbn7
en:Fluu"*'Fluv(E"'bn)a fn:FQuu+F2uv(E+bn); (25)
gn = Fluuu + Fluuv (2bn + E)a hrL - F2uuu + FQuu’u (2bn + E)
and
2(Kvg — a1+ 6)3) 1 2cug
Fryu = Frw=—F—73 Fouu = —7—13,
luu K(1+9)3 ) 1w (1+9)2 2uu (1 +9)3
c 6vy 2
Fuv: 7Fuuu:_ 7Fuuv:7:7
SN F) A (1+e1 1 (1+6) (26)
Fyuy = 6cvg 2c

T oNa Fuu'u = T e
1+6)t 2 (1+6)3

Fluv :F27Jv :Fluvv :Flvvv :Fquv :F2vvu =0.
From the formula of H in (23), we denote

H20 2

H
H(z,2,w) = 202 4 Hizz + 222 4 O] -w), (27)

then we have

Hyy = Qqq* < q*quq >q— < qi*quq >q

cos? (Ex) <6n> , neN,
I d,
] 1 [(B(r —2)(Gy + 25F1ui) -
B2ix Gy + 20G3i ’ o
Hi1 = Qu— < q",Qqq > q— < ¢*,Qq7 > 7 (28)

2 (T €n
cos (lx) (fn) , n €N,
1 B(lw—2)G1>’ "o,

B2lx Ga
Hsy = Hya,
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where
0, neN,
<", Qqq > = BG1 + 2BGFpu +i(Gy + 20° Fruy) b0
B ’ ’
0, n €N,
< q*, Qqq > = wG1 — 2BW0Fy,, + 7;(252F1uv — G4) n=0
Bw ’ 7 (29)
0, n €N,
<q",Qqq > =1 WG +1Gy
= n = O7
Bw
o 0, n €N,
<q*athj>: &'}Gl—iGzl ~0
Bs ’
and
Gl = EFluu - 2ZF1uva
Go = B*(Im — 2) Fayy — 4A%Fryy + 2AB(Fryy + (2 — I7) Fawy),
G3 = QAVFlu,U —|— E(lﬂ' — 2)F2u'ua
G4 = QE(AVF%W - §F2uu>7
I I
l
/ cos? (ﬁx) dr = 27 / cos® (Ex) dx =0,
I I
2
/ cos? (Ex> dx = gl—ﬂ, / cos —nx cos? (ﬁx> dx = l—ﬂ
0 l 8 0 l l 4
Denote
= 222+ wnzE + 22 + O(l4f?),

then we have
wao = (2@ — L) Hag, wyy = —L ™ Hy;. (30)

We compute the values of woy and w1 in the case of n # 0 and n = 0, respectively.
At first, we consider the case of n # 0. A straightforward calculation shows

2 ~
IR (2w 4‘1122” B
[2iw] — Loy~ = (B1 +if2) G bic (ds — 3dy)n? |
W=
. 20 B
%l — Lol ' = (B3 +1 N 2 |,
[ O] (ﬂ?} /63) ol %05 — (dl —‘rpdg)n
2
N 7(3d1 _ dg)n E ~ (d1 + dz)n2 .
LQYL = l2 9 LO — - l2 — B(m)
~ n ? L-
C Ady— C(m) 0
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and
n2 ~ ~
~_1 4d2l72 B ~ O B(m)
Lon = s & Bdi—dn? | Lom =P | oy (it dan” |
e A— l2
12
with

3d2 (4d1 — dg)n4 — 3(:5214
(d2(d2 + 4d2)n3 — 8dyd3nS + 25214(3d2 + 2d2)nt + 1301)’
—60(dy + do)12n2i

br=75

Pz = 9(d2(d2 + 4d2)n® — 8dyd3nS + 20214 (3d2 + 2d2)n* + 155%)’
8 = d214 — 35214

5T 2n® + 9Bt + nt(Ad214G? + 2(4dy — 3)dpla? + AR1IAG?)’
B = 265(dy + do)l?n?

YT Bnd 9T + nA(Ad21AW? + 2(4dy — 3)dol %2 + Ad21A5?)

l4
w l — 3d2(d2 — 4d1)n
l4

Be

Bnt — H2T

From (30), we have
_ (S2om 2n 2001 _ (& 2n 1101
20 = (520n2 cos\ 7Tt Ea002) 7 T \uina ) NTT + §1102)

. 2 -
aoms = 22 ((M + 2 ) e + Bdn) :

2
, _ _ 2
§20n2 = A '2252 <CCn + (2@'@ + (3dll2dz)n> dn> )
+14 o~ ~
§2001 = Bs 5 b (2iwe,, + Bd,),
5 ) ~ 2
§2002 = Bs —2264 <CCn + (2@'@ — (dl—:QdQ)n) dn> ;
4don? ~
§11n1 = Bs 22 ent+Bfn ],
2 l
~ 3dy — do)n?
§11n2 = % (Cen + (1122)fn> )

fno1 = 2B,
6 (éen - (dl —i—ZQdQ)’rLQ fn) .

51102 = ?

When n = 0, we have

Wa0 = (w%mwgo)Ta w1 = (wilvw%I)Tv
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where
) 1
Wao = =% == =
B2CIr(9BC — 4A42)
— 2AB(Fuuu(1 — 2Im) + Fayy (i — 2))) + 2i5(3(ix — 2) B2C(Fruw + Fouy)
— 4APFyyy + 2A%B(Fiyy + (2 — 1) Fawy) + AB(2C F,0 (5 — )
+ E(lﬂ' —2)Fouu))}s
) 1

{BC(4A%(3 — 2Im) Fyyy + 3B(4C Fyyy + B(lm — 2) Fay,)

w, :ésém(géé Yo {BC(3(Im — 2) B2C(Fuuu + 4F2u) — 12A%Fy,, + 2A?B
(Fluu + 6F2yy — 31T Foyy) + AB(2C Fiyy (14 — Im) + B(Im — 2) Foyy,) + 20i
(4A*Fyyy + 3B2C(CFiyy + BFyyu ) (I — 2) — 2A° B(Fyyu + (2 — I70) Fauy)

— A2B(BFyuy(Im — 2) + 2(3 + i) C Fuuy) + ABC(5(2 — I7) Fauy
+ Fru(4+1m)))},

wl, == L {442 Fyy 4 B*Fru (2 — Irt) — 2AB(Fruy + (2 — 1) Fauy )},
B2Clr

W2, =t (B2C (2 — I7) — 433 Fruw + AB(2C Fruy + BFau) (i — 2)

:§3Cl71'
+ 2A2B(Fiyu + Faus(2 —Im))}.

From [10], we know that system (15) restricted to the center manifold is given by

d - ~ i igg
G S < g R>=idit 3 S5 0,
2<i+5<3
where
920 =< q*, Qqq >, 911 =< q",Qqq >, go2 =< q*,Qqq > (31)
and
921 =2<q*,anq >+<q*aQw20§>+<q*7quq> . (32)
Denote
i lgo2]?, = g21 Re(c(0))
0) =—= -2 2= -, S TYVAVIZEAN Y,
c1(0) 2% (920911 |g11] 3 )+ 5 0 H2 Re(X(m))
1 ~ *
Ty = —E(Im(cl (0)) + p2 Im(X'(m))), B3 = 2Re(c1(0)).

We know the following conclusions from [10]:

Theorem 3.1. For any critical value m, we have

(i) pao determines the directions of the Hopf bifurcation: if us > 0 (< 0), then the
direction of the Hopf bifurcation is forward (backward), that is, the bifurcating
periodic solutions exists for m >m (m < m);

(ii) B35 determines the stability of the bifurcating periodic solutions on the center
manifold: if 53 < 0 (> 0), then the bifurcating periodic solutions are orbitally
asymptotically stable(unstable);

(iil) Ty determines the period of the bifurcating periodic solutions: if To > 0 (< 0),
then the period increases (decreases).
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Now, we compute the value of go; defining in (32) as n # 0 and n = 0, since the
value of gog and g11 is determined by (29) and (31).As n # 0, g20 = 911 = go2 = 0,

N [ — — _
<", Quaog >:Z{a2(Fluu§20n1 + Fruw(&20n1bn + E20n2)) + 05 (Fauuoont + Fouw

— 7 gp— _
(&20n1bn + E20n2)) } + g{a;(FluuééOOl + Fruw(§20010n + £2002))
+ b2 (Fouu2001 + Fouw(€20010n + €2002)) }

N I — — _
< g Quiiq >:Z{a;kl(F1uu£11n1 + Fruw(&1in1bn + &11n2)) + 05 (Fauuéiing + Fouw

— I p— _
(&11n1bn + &11n2))} + E{GZ(Fluu€1101 + Fruw(&11010n + &1102))
+ 0% (Fauu€1101 + Fouw(E11010n + E1102)) 1,
N 3w — —
< q",Cqqq >:?(a;gn + b3 hy)
and
1 ~ .
Re(g21) :%{2BW(F1W + by, Fruw) (£30m1 + 283001) + 2(E1n1 + 261101)) — 2B
(b7 Fruw + BY: Faus) (E30n1 + 263001) — 2(E1 11 + 261101)) + 208,
Fruo(Eon1 + 263001) — 2611 + 268101)) + 2B(deFruw + bhdaFrouo+
BPFyy, + EbiF%v)((fgom +285001) + 2(EF11 + 260101)) + 2§(d2F1uv
+ BFuv)(£30n2 + 265002) + 2(E 102 + 26T102)) + 20BFiuv (263002
+ 521077,2) + 2(5%177,2 + 25%102)) + 3g(_2d2F1uuv + B(Fluuu + F2uu'u))}7
B5 = 2Re(c1(0)) = Re(ga1), p2 = Re(c1(0)) = Re(g21)/2,

where for j =0orn and k=1, 2,

1, 2 1 2 1 2
by = by, +iby,, S20jk = Ea05k + 1820580 115k = S11jk + €Tk

Asn =0,
2(—a(140)(k—2m+ (=1 +0)0) + k(vg + i/T0g))
= k0(1 + 0)2 ’
p ~ 2¢(—ik(—ive + \/Tvg) + a(1 + 0)(k — 2(m +0)))
0 kO(1 + 6)2 ’
 2kvg —2al(1+0)(k —2m + (-1 +6)0)
0= K0(1 + 0)2 ’
s _ 2¢(—kvg +al(1+0)(k —2(m +0)))
0 kO(1 + 0)2 ’
_ 2(—ik (=3ivg + /rvg) + 3a(1l + 0)(k — 2(m + 0)))
g0 = k0(1+0) ’

2¢ (k (3vg + i/7vg) — 3al(1 + 0)(k — 2(m + 6)))
k6(1 + 6)3

ho =
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and

1
B3C24m4(9BC — 4(dy + dy)?)
+ BY(Fruu + Fius) Foua(Im — 2) 4 2B(dy + d2)? Fruy (CFyyp(lm — 2) + ds
(Fruw 4 4Fauy — Fauyl) + dy(Fruw + Faue(4 — 7)) — B3(dy + d2)(C Fiu,
(Fruw + 2Fsu0) (I — 2) + (di + d2) (4F1u0” + 2F1uu(2F1uw + Fauws) + Fluw
Fauu(2 = 1) = 2P0 (Im = 2))) + B*(CFruu Fauo (I — 2) + di (2F100” — (2
Fruw + Fouw) Fouo (I — 2) 4+ 2F 10 (Fruw + 2Fou0 — Fauylm)) + do(2F100°
— (2F1u0 + Fouw) Foun (I — 2) + 2F 40 (Fruw + 2Fouy — Fauoln)))) 4+ B*CP?
72 (4(dy + d2)* Fruo(5CFryp — 2(di + da) Fauy) + B4(2(d1 + da) Fauu(Fauu
+ Fouy) 4 3C(Fruw Fouu + 2Fouy(Fauu + Fouv) + Frun(3F2uu + 2Fou,))) (I
—2) = 2B(dy + d)*(C?*F1uu2(20 + Irt) + C(dy + d2) Fruw (3F1uu + Faus(10
— 7lm)) — 2(dy + da)? Fawo(Fluu + Faun(2 — I7))) + B*(3C%(4F 4% + 2F )4,
Foun + 4Fou0® + Frun(4F 1w + Fauy)) (I — 2) 4 4(dy + d2)* (Fauu + Fouo)
(Fruw + Fouo(2 — 17)) + C(dy + d2) (=5 Fauy Fauy (I — 2) + Fi (4w — 2)
+ Fruv(20Foyy + 24F5yy — 4Foulm — 6F2y0lm) + Fryu(—2F 140 + 4F50u0
+ AF ol — 2F5,I7))) + B2(6C° Froo2(—2 + Imr) — 2(dy + d2)® (4F a0 (Fau
+ Fowy) + FouuF2,us(2 — I)) — C*(dy 4 do) Fruw (Fruw (I — 14) + 6Fyy (5l
—14)) — C(dy + d2)?(3F1up Fouu(lmr — 2) — 4F2, (I — 2) + AF2, (2l7 — 3)
+ 2P 10 (Fauu (3 + 1) + Fiyo (41 — 6)))))))-

go1 = ((72(956’ - 4(d1 + d2)2)(*4(d1 + d2)4F1uv2

4. Numerical simulations. In this section, we present some numerical simula-
tions to illustrate the theoretical analysis and symbolic mathematical software Mat-
lab is used to plot numerical graphs.

uxt) vx.b)

ol ,f ﬂ yEAEN N |

80
o 40 30 20 10 o
t X t X

0.3 40 30

FIGURE 5. The numerical simulations of system (2.1) with m =
0.9 > my = 0.6148. Left: component u (stable). Right: component
v (stable).
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u(x,t) v(x,t)

FIGURE 6. The numerical simulations of a stable homogeneous
equilibrium solution of system (2.1) with m = 0.61 < mg = 0.6148.
Left: component u (stable). Right: component v (stable).

We consider the system (2) with dy =1,ds = 0.2, 7 =05, K =10, « =3, ¢ =
1,1 = 5 and the initial value (ug,vg) = (1.1,9.334). By a direct computation, we
have my =~ 0.6148, m; =~ 0.4394, my ~ —0.0564. When m = 0.9, E,(u.,v.) ~
(1,9.234) and when m = 0.61, E.(u«,v.) = (1,8.1047). Moreover, the numerical
simulation system has two Hopf bifurcation points and the hypotheses (H1) -(H3)
hold. Theorem 2.5 yields the following results: if 0 < m = 0.61 < mg, then
E. =~ (1,8.1047) is unstable; if 0.6148 < m = 0.9 < 1, then E, ~ (1,9.234) is
locally asymptotically stable; and when m = my, spatially homogeneous bifurcating
periodic solutions occur; when m = m;, spatially non-homogeneous bifurcating
periodic solutions occur. From Theorem 3.1, if m = myg, ¢1(0) = —0.0456 — 0.0174,
N (mg) = —0.9568 + 0.26544, wp = 1.00399, pe = —0.056 < 0, 55 = —0.0912 < 0,
T5 = 0.0021 > 0, which implies that the homogeneous bifurcating periodic solution
is locally asymptotically stable, the bifurcating direction is backward and the period
of the bifurcating periodic solution increases. If m = m;y, ¢1(0) = —0.1425—0.47094,
N(mp) = —0.8595 + 0.2616¢, w; = 1.00383, pues = —0.1484 < 0, 55 = —0.285 < 0,
T, = 0.4303 > 0, which implies that the non-homogeneous bifurcating periodic
solutions is locally asymptotically stable, the bifurcating direction is backward and
the period of the bifurcating periodic solution increases.
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