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Abstract

In this paper, the Hopf bifurcation and Turing instability for a mussel-algae model are
investigated. Through analysis of the corresponding kinetic system, the existence and
stability conditions of the equilibrium and the type of Hopf bifurcation are studied.
Via the center manifold and Hopf bifurcation theorem, sufficient conditions for Turing
instability in equilibrium and limit cycles are obtained, respectively. In addition, we
find that the strip patterns are mainly induced by Turing instability in equilibrium and
spot patterns are mainly induced by Turing instability in limit cycles by numerical
simulations. These provide a comprehension on the complex pattern formation of a
mussel-algae system.
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1 Introduction

As early as 1952s, Turing [1] found that the pattern formation in biological systems can
be expressed by the coupled reaction-diffusion equations. Turing theory shows that pat-
tern formation is possible if two substances interact differently in their diffusion range.
Since then, the dynamics of pattern formation has attracted wide attention in biology [2—
4], chemistry [5], aquatic ecosystem [6, 7], embryogenesis [8—10], and so on. With the
application of spatial patterns in multifarious ecosystems systems, the stability of pattern
solutions [11, 12], the stability of the positive equilibrium solutions, the Hopf bifurca-
tion at the critical point, the Turing bifurcation in different reaction-diffusion systems,
and the dynamical properties in Turing—Hopf bifurcation point have been getting a sig-
nificant progress on the stability of pattern formation [13]. As well as implication of the
mussel—algae bed patterns, Van De Koppel [14] proposed a simple mathematical model
to illustrate the pattern formation process, and they investigated the influences of self-
organization on the emergent properties of nature systems. The reaction-diffusion equa-

tions for the original mussel—algae model with weakly nonlinear diffusive instability have
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the following form:

IM(X,s) _ k,
TS = ceAM—deM%M + DMAM,

WX — (Ayp—A)p - SEAM — VA + DAAA, .
where M is the density of mussel, A is the density of algae, A = %, ¢ is the consumption
constant, e is a conversion constant relating ingested algae to mussel production, dy is the
maximal per capita mussel mortality rate, k, is the saturation rate of mussel, A;;p describes
the concentration of algae in the upper water layer, p is the exchange rate between the
lower and upper water layers, H is the height of the lower water layer, V' is the advection
constant, Dy and Dy are the diffusion coefficients of the mussel and algae, respectively.

Based on the dimensionless variables in literature [15] x = X kit = sy, m= g =
DjsH kar
A _ ecAyp _ pH _ dyH _ H _ Dy

T =T a= ey = v= %4 TR and u = b then system (1) becomes
am _ __m
S; =ram— -+ WAm, @)
da _ 1 —a)— _bda 1
W—y[a(l a) — mal y3x+yAa.

Although algae are considered advection of tidal currents on a large scale, they are ac-
tually dispersed in the fluid in the form of Brownian particles on a small scale [13]. Nu-
merous laboratory results show that mussels can actively move both within and between
clusters, the influence of advection with tidal flow at a small-scale space on the mussel
bed is very small. These imply that advection and diffusion are two different ecological
processes; in real mussel bed ecosystems, these processes normally coexist and share the
same activator-inhibitor mechanism [13, 16]. Advection and diffusion are equivalent due
to the emergence of spatial self-organizing patterns. Therefore, we study system (2) with
self-diffusion and Neumann boundary conditions in one-dimensional space x, which has
the following form:

33—’:’ =ram— {7+ WMy,

da

5 = yle(l—a) —mal + Ja., (3)

m,(0,t) = m,(,t) =0, ax(0,t) = a,(m,t) = 0.

Models (1)-(3) have been investigated by scholars. Wang et al. [17] derived the con-
ditions for differential-flow instability that causes the formation of spatial patterns, and
then systematically investigated the influence of parameters on pattern formation. Liu et
al. [16] verified that the dimensionless model is an extension of the original model and in
exact accordance with their laboratory experiment. Ghazaryan and Manukian [15] used
the geometric singular perturbation theory to study the nonlinear mechanisms of pattern
and wave formation. Sherratt and Mackenzie [18] considered the influence of advection
of algae for pattern formation. Song et al. [13] applied the normal form method to study
the Turing—Hopf bifurcation with Neumann boundary conditions. Based on the previous
research, it has been observed that (3) possesses a spatially homogeneous periodic solu-
tion for some parameter ranges, and the interaction between Hopf bifurcation and Turing
bifurcation may be the driving force for more complex spatiotemporal phenomena for (3)
[13].
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For the Hopf bifurcation of a reaction-diffusion system, Yi et al. [19] determined the
direction of Hopf bifurcation and the stability of bifurcating periodic solutions for a
reaction-diffusion Lengyel-Epstein model. Particularly, they showed the existence of mul-
tiple spatially non-homogeneous periodic orbits while the system parameters are all spa-
tially homogeneous. Early, Yi et al. [20, 21] considered a reaction-diffusion Lengyel—
Epstein system, they investigated the global asymptotic behavior and gave Turing insta-
bility conditions for the spatially homogeneous equilibrium solution and the spatially ho-
mogeneous periodic solution. Similarly, Liu and Yi et al. worked along this line and have
done the Gierer—-Meinhardt model and the bimolecular model [22]. Recently, Wang and
Hou et al. [23, 24] developed this method and have done the Gierer—Meinhardt model
and the tussock wedge model. They showed sufficient conditions for Turing instability in
the spatially homogeneous equilibrium solution and the spatially homogeneous periodic
solution, respectively.

The purpose of this paper is to study the stability of the stable positive equilibrium as a
spatial homogeneous steady solution, and the stability of the periodic orbit as a spatial ho-
mogeneous periodic solution of the reaction-diffusion mussel—algae model. In this article,
we analyze the stability and Hopf bifurcation of the positive equilibrium in both ODE (the
corresponding ordinary differential equation model of system (3)) and PDE (the partial
differential equation system (3)) models and determine the conditions for the direction of
bifurcation and the stability of the bifurcating periodic solution. For PDE system (3), we
also derive the precise conditions on the parameters so that the spatially homogeneous
steady solution and the spatially homogeneous periodic solution become Turing unsta-
ble. By both theoretical analysis and numerical simulations, we show the coexistence of
an unstable equilibrium point and a stable limit cycle for ODE, and a Turing unstable pe-
riodic solution is attracted by a stable non-constant steady state for PDE. The discussion
of the pattern formation mechanism in equation (3) mainly concerns the dynamics of the
corresponding ODE system and the spatial diffusion system.

The paper is organized as follows: In Sect. 2, the existence and stability of the positive
equilibrium and Hopf bifurcation are analyzed. In Sect. 3, sufficient conditions for Turing
instability in equilibrium and spatial homogeneous periodic solutions are given theoret-
ically, respectively. In Sect. 4, some simulations are given to illustrate the theorems in
Sects. 2 and 3.

2 Local stability analysis and Hopf bifurcation for the ODE system
For the reaction-diffusion mussel—algae system (3), the local system is an ordinary differ-

ential equation, which has the following form:

d
d_r;l =ram — %’ (4)
da _ 2 le(1-a) - mal.

The dynamics of the ODE system mainly includes the stability of the equilibrium and Hopf

bifurcation. In the following, we analyze these dynamics in detail.



Zhong et al. Advances in Difference Equations (2021) 2021:182 Page 4 of 20

2.1 Local stability analysis of the equilibria
The equilibria of system (4) satisfy the following equation:

ram— 17— =0,
+m

%[a(l —a)—ma) =0.
About the analysis of the equilibria of system (5), we have the following proposition.

Proposition 2.1

(1) The equilibrium (my, ag) = (0,1) always exists;

(2) There exists a unique positive equilibrium (m,, a,) = (“1(;1), rh’_“‘(:)) if (H1) or (H2)
holds, where

1 1
(H1)0<—<r<1, (H2)0<a<—<1.
a r

The stability of the equilibria can be analyzed by the Jacobian matrix of (4). The Jacobian
matrix associated with (m,,a.) is

(1-r)a(ra-1) rle—ra)
J= ( (1-a)? ra—1 )) (5)

ra—1 r(l-o)a
ry(1-a) (ra-1)y

and the corresponding characteristic equation of (5) is

22+Tr+D=0, (6)
where
T y(1 -ra)*(r - Do —ar(l -a)? _(r=Da(ra-1)

’

y(1 - ra)(a —1)2 (@ -1y

It is easy to verify that the characteristic equation (5) has two eigenvalues

1 |:y(1 —ra)}(r- Do —ar(l -a)®
Mo =z 5
y(1-ra)(a-1)

2
" \/(y(l —ra)?(r-1a —ar(l - oz)3>2 ~ 4(r— Da(ra — 1):|
y(1—ra)(a - 1)* @-1y [

7)

We can easily verify that (m,, a,) is unstable when condition (H1) holds because D < 0.
If (H2) holds, D > 0. Thus equilibrium (., a,) is asymptotically stable when T < 0.

Theorem 2.1 The equilibrium (0,1) is asymptotically stable if r < 1 holds. The positive
equilibrium (m., a,) is asymptotically stable if (H3) holds and unstable if (H4) holds.

(H3) ¥ < vu, (H4) v > yu.

Furthermore,
(i) (my a,)isastable nodeif y <y,
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(i) (my,a,) is an unstable node if y > s,
(iii) (m4,ay) is a stable focus if 1 <y < yg,
(iv) (my,a,) is an unstable focus if yy < y < y5.

Here
_ (- v/ =ra)-1)°
vit = (r—1)(ra —1)* n= ar ' ®)
, - /=7 + 1)

ar

2.2 Hopf bifurcation analysis

From Theorem 2.1, we can find that the stable equilibrium (#1,,a,) becomes unstable
when y increases from the left to the right of yy. Hence, let ¥ be the main bifurcation
parameter, the direction and the stability of Hopf bifurcation will be investigated in the
following. Mathematically, this parameter shows an equal role to other parameters in sys-
tem (4), which can also be chosen to make similar demonstration. Firstly, we transform
equilibrium from (m,, a.) to (0,0), namely let w = m — m, and z = a — a,, then equation (4)

becomes
—1)a(1- —1

i w _ (r (;‘ii)zr(x) (rl—r);a w . Q(W, zZ, ]/) (9)

dt \z P /) \# 2w,z,v)
where

(1-ra)® , (1-ra)*
W;Z; = Wt Irwz— ——Ww +O4,
filwzy) (1-a)? (1-a)* @)

1
2w,z y) = —;wz +O(4).

Based on [25, 26], the occurrence of Hopf bifurcation needs the nonzero transversality
2 3

leixm)' |y =y~ Through computation, we have d = % > 0. Next,

we study the stability and direction of the Hopf bifurcation near the critical value y = yy.

- )32
When y = yy, we obtain that A; 5 = Fiwg, and wg = % > 0. Moreover, we can get

condition d =

. . . _ _arz(a—l)z ar(r-1)
the eigenvector for iwg, i.e., & = ( ra? T e

vectors of +iw, are &, = (%,O)T and &, = (—“(’f;ﬁ;;f, DT, Let w,2)T = (&1, &) (u,v)7,

then system (9) will transform to the following form:

) _ (0 —wo) (u) (filwv.ym)) (10)
1% wo 0 v &, v, yu)

i,1)T. The corresponding general eigen-

where
(A -rra(ra - 1)3 5  Qra-1)r(l-ra)
fs(u, v, v0) = T u* + @D
2
+Pa(ra — 1u® + 31— r)r3a2§1 —ra) u*v+ 0(4),
(1-a)wy
2 2
(14, i) = (r-Dra , (1-r)a(l-ra) v+ 04),

l-«a (1-a)’wy
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In order to determine the type of Hopf bifurcation at (#1,, a,), we should determine the

sign of discriminatory quantity o. According to [26, 27], o has the following form:

1
o = 1_6%141414 + L3uuv +f3uvv +g3wv)

1
+ E [fSuv(ﬁSuu +f3w) _gSuv(gBMM +g3vv) _f3uug3uu +fl3vvg3w]-
0

By further computation, we have o = 8(%;) [(1 —7) + r(ra — 1)] < 0. Through the above

analysis, we can get the following theorem.

Theorem 2.2 System (4) undergoes Hopf bifurcation at (m,, a.) for y = yg if (H2) holds.
The Hopf bifurcation is supercritical due to o < 0 and the stable limit cycle will bifurcate
from (m, a,) at the right of yy.

3 Turing instability analysis

In this section, we study the impact of diffusion term on the stability of (m,,a,) and the
limit cycle of system (3), respectively. It should be noted that the solution to system (4) is
also a solution of the reaction diffusion system (3) [28, 29].

3.1 Turing instability in equilibrium

System (4) possesses the constant equilibrium of (3) as a spatially homogeneous steady
state. If (m,,a.) is an unstable equilibrium of (4), then it is clearly also unstable for (3).
While if the constant equilibrium is stable for (4), it could be unstable for (3) because of
diffusion [30]. Firstly, we suppose that conditions (H2) and (H3) are established, so (1, a..)
is a stable equilibrium for system (4). With Neumann boundary conditions, we consider
the reaction diffusion system (3) in the Banach space H((0,)) x H2((0, 7)), where

H*((0,7)) = {w(~,t)’2l—:(',t) e 12((0,7)),i = 0,1,2}.

We can easily obtain that (m1,,a,) is stable for system (3). The equilibrium (m,,a.) is
nonlinearly unstable for (3) if it is linearly unstable in H2((0, 7)) x H2((0,7)).

Let u; = m — m, and u, = a — a,, then system (3) is transformed into

3 (1-r)a(ra-1) 2 r(a—ra)

3 _ -2 1k ra—1 Ui\ a L ui (11)
duy | ra—1 r(l-a)a k2 u - u ’

ot ry(1-a) (ra-1)y — 4 2 2

with the boundary conditions

0 0 0 0
o= =0, 2206 = L@, -o. (12)
ax ox Ix ox

The solution of (11)—(12) in H2((0, 7)) x H%((0, 7)) has the following form [3, 4]:

duq (x,8) 00 M
F] _ kY gt+ik
<Bu2(tx,t)> = Z (Ak> hktrike (13)

ot k=0
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where A € C is the temporal spectrum, & is the spatial spectrum, My and A are complex
numbers for k =0, 1,2,.... Substituting (13) into (11), then

00 00 (1-r)a(ra-1) 2 r(a—ra)
Z My Apehktrike Z (- jk roa—1 My ektrike
Ak k - roa—1 r(l-a)a 2 Ak ¢

k=0 k=0 ry(l-a) (ra-1)y

Collecting items of the same powers about &, then

M\ (o .
()J—]k)<Ak>—<0), k=0,1,2,..., (14)

where

(1-r)a(ra-1) 2 r(a—ra)
(onetra-t) ) p
_ (1-a)? ra—1
]k - ( 0(roz—l r(l-a)a 1k2) : (15)

ry(l-a) (ra-1)y ~ ¥

The characteristic equation of J; is
A2 —Tr(Ji)ax + Det(r) =0, k=0,1,2,3,..., (16)
where
2 1
Te(i) =—k*(n+— )+ T, k=0,1,2,...,
14

+D.

Det(J;) = kz% (ukz _(r=-D1A- roz)a) r(l— O‘)“Mkz

(@ —1)2 1-ra)y

If Tr(Jx) < 0 or Det(Jx) > 0 does not hold for some k, Turing instability will occur in equi-
librium [8, 31-33]. In the following, we give conditions for the occurrence of Turing in-
stability in (m,, a.). If Det(Jx) >0 for all k = 0,1,2,..., (m,, a,) is stable for system (3), and
there are no Turing patterns occurring. If Det(J;) < O for at least one k € N, (m,,a.) is un-
stable for system (3), and Turing patterns occur. Through the above analysis, we can get
the following theorem.

Theorem 3.1 Assume that conditions (H2) and (H3) are satisfied. Let

(r-=1Da(l-re)* (-1 +a + k%)

D, = min 5
1<k=m k2(1 — a)“(r(1 — o) + k2(1 — rar))

, meNT,

then (m., a,) is asymptotically stable for system (3) if (H5) or (H6) holds. Otherwise unsta-
ble one if (H7) holds, where
(r-1)a(1-ra)
(H5) > TR

(H6) m? < 4(’"((1):()1{;") <(m+1)% pu>D,y,
(H7) m?< ﬁya—;;;/‘” <(m+1)% n<D,,.

Proof If conditions (H2) and (H3) hold, Tr(Jx) < 0 for all k =0,1,2,..., and Det(Jp) =

_ ﬁ 2 _ (r=1)(A-re)a r(l-a)ap 1.2 .
D > 0. Note that Det(J;) = ; (uk @17 ) + o)y k* + D, and we find that if

Page 7 of 20
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n> % > 0, then we have Det(Jy) > D >0 for k = 1,2,..., in such a case the equilib-

rium (m,, a,) is asymptotically stable for system (3). If m? < % <(m+1)?, meN*

and u > D,,, then Det(J;) > Det(Jy) =D > 0 for k = 1,2,..., and (m,,a,) is stable for (3).
(r-1)a(1-ra)
u(a-1)2
of Det(J;), ..., Det(J,,) to be negative, and (1, a.) is unstable for (3). O

However, if m? < <(m+1)%, meN*and u < D,,, then there exists at least one

3.2 Turing instability of limit cycle

In this subsection, we investigate the stability of limit cycle with spatially heterogenous
perturbations. The reaction-diffusion system (3) possesses any periodic solution of system
(4) as a spatially homogeneous periodic solution, including the ones bifurcating from Hopf
bifurcation. We can also perform a Hopf bifurcation for system (3) at the same bifurcation
point in (4), and bifurcating spatially homogeneous periodic solutions exist near y = yy
[28, 29]. But the stability of these periodic solutions with respect to (3) could be different
from that for (4). That s, if ¢(¢) is an unstable periodic solution of (4), then it is clearly also
unstable for (3). While if ¢(¢) is a stable periodic solution of (4), it could be unstable for (3)
because of diffusion. For example, if (m71,, 4.) is an unstable equilibrium solution of (4) but
stable for (3), then the nearby bifurcating periodic solutions through Hopf bifurcation are
also unstable, which illustrates the interaction of Hopf instability and Turing instability
[20].

Suppose that (H2) and (H3) are satisfied, so the supercritical Hopf bifurcation appears
at ¥ = yy. It can be confirmed that the limit cycle is stable under spatially homogeneous
perturbation.

We adopt the framework of [29]. We rewrite system (4) in the abstract form. According
to [28, 29], let uy = m — m,, uy = a — a,, ¥ = yu, and U = (u1,u5)7, then system (3) with

boundary condition (4) becomes

Uy = (yn) + DIU + F(U, yn),

17
U,(0,8) = U,(r,t) = (0,0)7, 17)

where

(r-1)a(1-ra) ar(l-r)
- (1-a)? ra-1
J () = ((r_l)(ra;_l)S (r—l)a(rot—l)) » D

r2(1-a)* (1-a)?

32
Moz 0
o L)
YH 0x2

As stated in [29], F(U, yx) has the following form:

F(u, )/H) = (fZ(ub us, yH);gZ(ul) u, VH))T'

1 1
F(U,yn) = EQ(LI, u+ gC(u, u,uy+o(lul®),
where

QUL U = (Qu(U, U, Qy(U, L)),

C(U, U, U) = (C (U, U, U), Cy(U, U, 1),
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and

QuU, V) = fruutt1V1 + faunth1 Vo + frruliaV1 + foryla Vo

2uivi (-1 + ra)®

=TrusvVy +ru1vy +
(-1+a)
Q(U,V) = Luuh1V1 + Qauvlh1V2 + Sovu V1 + L2y UV

(14 ra)?(r — 1)(upvy + u1va)

r(-1+a)

’

CiU, V, W) = fruuth1 VW1 + fruuB1ViWa + fruub1 VoW1 + frumth1VaWws
+ foruuthaVIWL + fovuy UaVIWo + fopyutha VoW1 + foythaVaws

~ 6uivywy (=1 + ra)?

- (-1 +a)t

GU,V, W)= L2uun1V1iW1 + Luuyh1ViW2 + L2uvuh1V2 W1 + L2ulh1 V2 W2
+ LvuuhaViWwi + LvuvlhaViWs + Lopyyha VoW1 + Loy VoW

:0,

for any U= (ul, MZ)T: V= (Vlﬂ VZ)Tr W= (er WZ)T; and U; V; W e HZ((O) T[)) X Hz((o: N))'
The linear operator L defined in (11) for y = yy is

i
LU = |:](yH) +D (W 3 )} u.
0 3z

Let L* be the conjugate adjoint operator of L defined in H2((0, 7)) x H?((0, 7)), then

32

— 0
LU= [J*(VHHD("’CZ 2 )} u,

0 3=

where J*(yy) is a conjugate transpose of J(yy).

Let (-,-) be the complex-valued L? inner product on a Banach space, defined as

1 [(T—r 1 (™ _
(u,vy=— U Vdx=— UV1 + UaVo dx
T Jo T Jo

for any U,V € H*((0,7)) x H*((0,7)). We can easily find that (L*U, V) = (U, LV).
The linearized system of (17) at the equilibrium (0, 0) is

duy
<af;g> -L <“1) , (18)
Tt “2
with the boundary conditions

U, 0,8) = Uy(,t) = (0,0)T. (19)

Page 9 of 20
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The solutions of (18) in H2((0, 7)) x H%((0,7)) have the following form:
uy(x, t) _ i g Mtk (20)
us (x¢ t) k=0 ak

where A(k) € Cis the temporal spectrum, & is the spatial spectrum, 7 and ay are complex

numbers for k =0,1,2,.... Plugging (i1, 2) into (18), then
o0 o0
Z my )L(k)ekktﬂ‘kx _ ZL/( mp ek(k)tﬂkx.
k=0 \ % k=0 Ak

Collecting terms with the same powers about k, we get

(A(k) - L) (mk> - (g), k=0,1,2,..., (21)
a

where

(r-Da(1-ra) 2 ar(l-r)
I, - W—Mk ra—1
k= (r=1)(ra-1)3 (r=Da(ra-1) _ A g2 !
YH

r2(1-c)* (1-a)?

The corresponding characteristic equation of L has the following form:
A(k)? = Tr(Li)A(k) + Det(Ly) =0, k=0,1,2,3,..., (22)

where

(r=1)(1 - ra)? . )
r(1-a)? H)
C(KPu(l-a)’ —a(r- 1)1 - ra))(r - (1 - ra)’
- (1 - )’
K(r-1Dad-ra)p
+ wy-
1-a)

Tr(Ly) = -k2<

Det(Ly) k?

If conditions (H2) and y = yy are established, we have Tr(Lo) = 0, Det(Lo) = w2 > 0 and
Tr(Ly) <0 for k =1,2,.... Then it follows that, for k = 0, L, has eigenvalues with zero real
parts. We need to proceed to the center manifold reduction.

To begin with, if u > w, we have Det(L;) > w2 for k = 1,2,3,.... Next, if

)
m? < % < (m+1)%, meN*, and u < D,,, we have Det(L;) > 0 for k = 1,2,.... Fur-
thermore, if m? < % < (m+1)%, me N*, and u > D, then there exists one of

—_ . _ _ 2\(1_ 2
Det(L1), ..., Det(L,,) to be negative, where D,, = mini<k<u 1z r-Dala- Lk )(Lre)” 1y o N+

(1-a)2(r(1-a)a+k2(1-ra))

1-r) | P2(1-a)2a AT
wo (1-ra) l) and

Let Lq = iwoq and L*g* = —iwoq*, then we have g* = —2m“(’f_1) (i, &

2 2
q=(- "‘(’13;‘;‘2) - %O_Di, 1)7, respectively. According to the inner product defined in this

paper, we can easily confirm that (g*,q) = 1 and (¢*,g) = 0.
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As stated in [29], we have U = zq + zg + w, z = (¢, U) and w = (w1, wy) 7, i.e.,,

2
u; %(z +z)- = 1)"”z(z Z) + wq
Uy Z+Z+ Wy '

System (17) in (2, w) coordinates can be rewritten to the following:

dz _ * 7
2 = jwoz + {q".f),
“ - (23)
% =Lw+ H(z,z,w),

wheref = F(zq + zq + w,wy), H(z,Z, W) ZJ; - <q*,f)q —{(g*.f)q, and

f=-Qq,97* + Qg 9)zz + Q(q,q) >+ 0(IzP, Izl lwl, [w]?),

[\)|,_.

(q.f) = (q Qg 9)2* +(q*,Qg, ))zE+%(q*,Q(ﬁ,?z))Ez+O(IZI3,IZIIWI,|w|2),

(@.f)= (q Qlg:9))2 +(7", Q(q,q))ZZ+;(q*,Q(ﬁﬁ))22+O(IZI?’,IZIIWI,IWIZ)-

So H(z,z,w) = 122Hyg + 2zHy1 + 32°Hen + (|21, |2] [wl, |w|?), where

Hay = Q(q,9) - (g%, Qq,9))q — (g%, Qlq, 9))q;
Hi1 = Q(g,9) - (7%, Q(q,9))q — (9%, Qq,9))q
Hoy = Q(q,9) - (g%, Q4. 9))q - (g%, Q(q,9))q

Further calculations show that

Hyo = (Ql(l]» ), Qa(q, lZ))T

wo r(-r) ar*(l-a)’
W[ iQi(q,9), < P - (- ra) )Qz(ﬂb ):|
8 (_ar2(1 —a)? ~ ar(r-=1) . 1>T
(1 -ra)? o b
o ) ar(l-r) ar*(l-a)?,
+ alr—1) |:lQ1(61, q), ( o + d-ra) l) Qa(g, !I)i|

( arfl-a)? ar(r-1). )T
x |- + i1
1 -ra)? @o

=(0,0)7.

Similarly, we have Hy; = Hyy = (0,0)7. So H(z,z,w) = O(|z[?, |z||w|, |w|?).

As stated in [29], system (23) has a center manifold in the following form:

1 _ 1_
w= Ezzwzo +2zZW11 + EZZWoz + O(|z|3).

Page 11 of 20
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Dueto Lw + H(z,z,w) = w = 2z + 27 then
dz 0z

Wao = [2iwo — L1™ Hag = [2iwo — J(yu)] ™ Hao = (0,0)7,
w11 = —L"Hyy = —J(yw) ' Hi1 = (0,0)7,
Woo = [—2iwo — L]V Hyy = [-2iwe — J ()] " Hg, = (0,0)7,

then w = O(|z|?).
Therefore, the reaction-diffusion system restricted to the center manifold is

Z = iwoz + (q*,f) = iwgz + Z %Z’Ei + O(|Z|4),
2<i+j<3 Ly

where

g0 = (q*, Q(q, 61)): g = <q*, Q(gq, 51)): 8oz = <q*, Q(g, 51));
&1 =2{q",Qw11,9)) + (a*, Qwao, 9)) + (4%, C(q,9,9)) = (4", C(q, 4 7).

(24)

The dynamics of (23) is determined by that of (24). Note that, as in page 28 of [29], g;; = 0

for i =j + 1, hence the Pioncaré normal form can be rewritten as follows:

2= iwoz +(q".f) = iwoz + Z ¢i(y)zlzl” + O(|z[*).
j

So we can write the Poincaré normal form of (17) in the following form:

M
zZ=Az+ chj(y)(zE)/,

j-1

(25)

(26)

where z € C, A = B(y) + iw(y), M > 1, and ¢j(y) € C are coefficients of (zz). Then from

page 47 of [29], we have

£0811[38(y) +iw(y)] . g1 |g02|? &1

=B i B +inty) T 208G + o] T 2

Thus

i 1
ci(ym) = 2o <g20g11 —2lgnl* - §|g02|2> + %,

because B(ys) = 0 and w(yx) = wo, then Re(c1(y)) = Re[$281L 4 £1],

2wq
By further computation, we obtain

(1 -ra)’r+ra(l -—r*a) (1 —a)wyi
- (1-a) B 1-ra)
(r-1ra

l-«

£20

g =

3r3a(r-1)(1 - ra) .

3
21 = -3r'a + 12
. (1-a) w0

Page 12 of 20
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rla(1-2r+ar

and Re[c;(yy)] = Sra) ) <o, Therefore, the supercritical Hopf bifurcation occurs at

Y =VH-

Theorem 3.2 When conditions (H2) and (H3) are established, the spatially homogeneous
periodic solution bifurcating from the equilibrium (mg, a..) of system (5) is stable. Let

_ . r-=Da(e-1+k)(Q1 - ra)?

D, = min 5
1<k=m k2(1 —a)“(r(1 — ) + k2(1 — rar))

, meNT, (27)

then the spatially homogeneous periodic solution for system (3) is stable if condition (H8)
or (H9) holds. The spatially homogeneous periodic solution for system (3) is unstable if
condition (H10) holds, where

(H8) w> (r—l)ot(l—rot),

= (1-?

(H9) m? < (”_(i)_“T()l{;‘j‘) <(m+1)% pu>D,,

(H10) m? < % < (m+1)% <Dy,

Remark 3.1 Theorem 3.2 shows that system (3) undergoes Turing instability if (H2), y >

—Da(l—
YH> I’l’l2 < r M()IO[_(Q);(X)

will occur. We show these results in the following section.

< (m +1)?, and u < D,, hold, which illustrates that the spot patterns

Remark 3.2 In [28, 29], authors considered the existence and stability of positive steady
state solutions and investigated asymptotic behavior of time-dependent solutions by uti-
lizing degree theory. They mainly investigated the direction of Hopf bifurcation and the
stability of the bifurcation periodic solution for a reaction-diffusion system. In this sub-
section, except for the research on direction and stability of Hopf bifurcation as stated
in [28, 29], we also derive the precise conditions on the parameters so that the spatially
homogeneous equilibrium solution and the spatially homogeneous periodic solution be-
come Turing unstable. Turing instability in a stable coexistence equilibrium is determined
by Tr(Jx) > 0 or Det(Jx) < 0, and Turing instability in a stable limit cycle is determined by
Tr(Ly) > 0 or Det(Ly) < 0.

Compared with the former research works, we find that system (3) with the Neumann
boundary condition can also induce very interesting dynamical behaviors. For example, (i)
system (3) can undergo supercritical Hopf bifurcation under certain parameter conditions.
There exists a stable limit cycle when y is greater than yy slightly. (ii) Interestingly, we find
that Turing instability can occur in the equilibrium and stable limit cycle, respectively.

Compared with the research for reaction-diffusion in two-dimensional (x,y), the the-
oretical analyses for the stability of equilibria, the type of Hopf bifurcation, and the ho-
mogeneous periodic solutions for the corresponding ODE system are valid. However, the
theoretical analysis methods used in this paper are not enough for Turing instability in
equilibria or homogenous periodic solutions in two-dimensional (x, y). For example, Song
and Liu ez al. [3, 6,7, 31-34] used the amplitude equation and multi-scale analysis method
to analyze Turing instability in equilibrium. In the two-dimensional space (x,y), Turing
instability in equilibrium will induce more complex and rich dynamics than that in a one-
dimensional space x. For example, there may exist a hexagon pattern, a mixed pattern
(spot-stripe pattern), and a stripe pattern [3, 6, 7, 33]. Note that, in the one-dimensional
space x, we rigidly show how the stable homogeneous periodic solutions can become un-
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stable. But in the two-dimensional space (x, ), as far as we know, it needs more knowledge
and methods to analyze this dynamic behaviors.

4 Numerical simulations
In this section, we use numerical simulations to illustrate the results in Theorems 2.1-3.2.

Firstly, we show the critical surface for the occurrence of Hopf bifurcation in a parameter
space (a,r,y), as shown in Fig. 1(a). Particularly, taking « = %, the critical curve for the
occurrence of Hopf bifurcation is shown in Fig. 1(b). From Theorem 2.1, we know that
the equilibrium (m,, 4. is stable if (r, y) is above the blue curve, while unstable if (r, y) is
below the curve.

In the following, let o = % and r = 1.0901, we have yy = 6.00074 and (m,,a,) =
(0.2198,0.7520). In order to show the dynamic behavior near the Hopf bifurcation points
vu, the bifurcation diagram in a three-dimensional space (y,m,a) is shown in Fig. 2(a).
The bifurcation diagram shows the stable equilibrium, the unstable equilibrium, and
the limit cycles. The equilibrium is stable if y < yy, which is represented by the black
curve. The stable equilibrium becomes unstable and stable limit cycles occur if y > yy
slightly. Here the unstable equilibrium is represented by the red curve, and stable limit
cycles are represented by the blue surface. Particularly, let y = 5.95 < yy, so condition
(H3) holds, we have that the equilibrium (., a,) is asymptotically stable. Set initial val-

200

150

100

50

Figure 1 (a) The critical surface of Hopf bifurcation in parameter space (&, r, y); (b) the critical curve of
supercritical Hopf bifurcation for o = %

(H3):0=2/3, r=1.0901, y=5.95

0.9
| e stable equilibrium
| | e ynstable equilibrium
Il stable limit cycles 0.8

© 0.7

6.1 0.1 05
m 0 0.21 0.42 063

Y m

(a) (b)

Figure 2 (a) The supercritical Hopf bifurcation diagram; (b) the stable equilibrium of system (4) under

condition (H3)
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ues (mg,ap) = (0.3198,0.8520), we find that the orbit starting from (19, a0) converges to
(my, a,), which shows that (m,,a,) is asymptotically stable, as shown in Fig. 2(b).

The supercritical Hopf bifurcation occurs for y = yy, and a stable limit cycle bifurcates
from (m,, a.) at the right side of yy. Let y = 6.1 > yy, then condition (H4) holds, we have
that the equilibrium (m,, a,) is unstable. Set initial values (11, ao) = (0.2298,0.7620), we
find that the green orbit starting from (1, ao) goes clockwise away from (., a.), which
shows that (m,,a,) is an unstable one, as shown in Fig. 3(a). Set initial value (1, 4a0) =
(0.2498,0.7820), the blue orbit starting from (1, a0) goes clockwise inside, as shown in
Fig. 3(a). Since the blue orbit disjoints the green orbit, there exists a stable limit cycle. We
show the stable limit cycle in Fig. 3(b). The above analyses support Theorem 2.1.

Next, we show the effect of diffusion on the stability of equilibrium and limit cycles. In
this part, we perform the simulations to illustrate the results in Theorem 3.1. Fixed « = %,
r=1.0901, and y = 5.8, then % =0.14473 and condition (H3) holds.

Particularly, taking p = 5 > 0.144728, we have Det(J;) = 1.60929 > 0 and condition (H5)
holds, so the stable equilibrium (1, a,) of system (4) is still stable for system (3). Please

see Fig. 4(a) and Fig. 4(b). Taking u = 0.06, then % 2.4621, we have D,, = 0.05221

(H4):0=2/3,r=1.0901 ,y=6.1 (H4):0=2/3,r=1.0901 ,y=6.1

0.86 0.85
0.8
0.78
a0.74 a
0.71
0.68
0.62 0.64
0.09 0.21 0.33 0.45 0.1 0.2 0.3 0.4
m m

Figure 3 The phase orbits starting from (0.3198,0.8520) and (0.5198, 1.0520) both converge to the stable limit
cycle; (b) the stable limit cycle of (4) under condition (H4)

2000

0221-
m
022 1000
0219 "
0218 \\\\ 4 400
T 0
1000 T x 0 200 X 400
2000
0.753 t
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0.752 - 1000
51 .. >
2000 T g 400
1000 \\\//X 200 o
t oo 0 200 400

X

Figure 4 The equilibrium of system (3) is stable under conditions (H3) and (H5) for the diffusion coefficient
1 = 0.06. Right: the spatiotemporal distribution of m(x, t) and s(x, t); left: the project of m(x,t) and a(x, t)
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t
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2000 , 400
200
¥
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Figure 5 The equilibrium of system (3) is stable under conditions (H3) and (H6) for the diffusion coefficient

1 = 5. Right: the spatiotemporal distribution of m(x, t) and s(x, t); left: the project of m(x, t) and a(x, t)

X 400

Figure 6 The equilibrium of system (3) is unstable under conditions (H3) and (H7) for the diffusion
coefficient u = 0.04. Right: the spatiotemporal distribution of m(x, t) and s(x, t); left: the project of m(x, t) and
alx, t)

(m = 1), Det(Ji) = 0.00254 > 0 and condition (H6) holds, so the stable equilibrium (m1,, a..)
is still stable for system (3). Please see Fig. 5(a) and Fig. 5(b).

Taking p = 0.04, then % = 3.6932, we have D,, = 0.05221 (m = 1), Det(J) =
—0.00400 < 0 and condition (H7) holds, so the stable equilibrium (71, 4,) of system (4)
becomes unstable for system (3). Please see Fig. 6(a) and Fig. 6(b), we can find the stripe
patterns, which is the spatially homogeneous periodic orbit [34—36].

Furthermore, we show the influence of diffusion on the stability of homogeneous peri-
odic solutions. In this part, we perform the simulations to illustrate the results in Theo-
rem 3.2. Fixed o = %, r=1.0901, and y = 6.2, we have % =0.14473 and condition
(H4) holds.

Taking © = 10 > 0.14473, we have Det(Ly) = 3.12733 > 0 and condition (H8) holds,
so the stable limit cycle of system (4) is still stable for system (3). Please see Fig. 7(a)
and Fig. 7(b). Taking p = 0.06, then %31‘“) = 24621, we have D,, = 0.05221 (m = 1),

(@-1)%u
Det(Ly) = 0.00245 > 0 and condition (H9) holds, so the stable limit cycle of system (4) is

Page 16 of 20
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|
200 X 400

Figure 7 The limit cycle of system (3) is stable under conditions (H4) and (H8) for the diffusion coefficient
= 0.06. Right: the spatiotemporal distribution of m(x, t) and s(x, t); left: the project of m(x,t) and a(x, t)

200 X 400

Figure 8 The limit cycle of system (3) is stable under conditions (H4) and (H9) for the diffusion coefficient
= 10. Right: the spatiotemporal distribution of m(x, t) and s(x, t); left: the project of m(x, t) and a(x, t)

still stable for system (3). Please see Fig. 8(a) and Fig. 8(b). The patterns in Fig. 7 and Fig. 8
are the spatially homogeneous periodic orbit [34—36].

Taking x = 0.05, then W = 3.6932, we have D,, = 0.05221 (m = 1), Det(Ly) =
—0.00069 < 0 and condition (H10) holds, so the stable limit cycle of system (4) becomes
unstable for system (3). Please see Fig. 9(a) and Fig. 9(b). In order to observe the spot pat-
terns clearly, we amplitude Fig. 9(a) and Fig. 9(b) in Fig. 10(a) and Fig. 10(b), respectively.
These “dots” are the collision of the transverse spatially unstable inhomogeneous periodic

solution and the longitudinal spatially stable homogeneous periodic solution [34—36].

5 Discussion and conclusion

In this paper, we investigate the spatiotemporal dynamics for a diffusive mussel—algae
model. Spot and stripe patterns can be generated by a small disturbance on a homoge-
neous steady state. The results of pattern formation agree with many biological phenom-
ena[11,12,17].
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0

Figure 9 The stable limit cycle of system (3) is unstable under conditions (H4) and (H10) for the diffusion
coefficient u = 0.05. Right: the spatiotemporal distribution of m(x, t) and s(x, t); left: the project of m(x, t) and
alx, t)

m M\\\\ .\\\W‘ -

1000 200 X

t 1000 200

Figure 10 The local enlargement of Fig. 9

In order to determine the sufficient conditions for Turing instability, we firstly analyze
the stability conditions for equilibrium and the critical parameter conditions for Hopf bi-
furcation. Then, using the center manifold theorem and normal form theory, we show suf-
ficient conditions for the occurrence of Turing instability in equilibrium and limit cycle,
respectively. Moreover, we illustrate the theoretic results by a series of numerical simula-
tions. We show abundant dynamical behavior, such as bifurcations, phase trajectory, and
patterns. Finally, we find that Turing instability in equilibrium will occur in a stripe pattern

and that in limit cycles will occur in a spot pattern.
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