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Abstract: In this paper, we consider the dynamics of delayed Gierer—Meinhardt system,
which is used as a classic example to explain the mechanism of pattern formation.
The conditions for the occurrence of Turing, Hopf and Turing—Hopf bifurcation are
established by analyzing the characteristic equation. For Turing—Hopf bifurcation, we
derive the truncated third-order normal form based on the work of Jiang et al. [11],
which is topologically equivalent to the original equation, and theoretically reveal system
exhibits abundant spatial, temporal and spatiotemporal patterns, such as semistable
spatially inhomogeneous periodic solutions, as well as tristable patterns of a pair of
spatially inhomogencous steady states and a spatially homogencous periodic solution
coexisting. Especially, we theoretically explain the phenomenon that time delay inhibits
the formation of heterogeneous steady patterns, found by S. Lee, E. Gaffney and N.
Monk [The influence of gene expression time delays on Gierer—Meinhardt pattern
formation systems, Bull. Math. Biol., 72(8):2139-2160, 2010.]

Keywords: Gierer—Meinhardt system, delay, Turing—Hopf bifurcation, normal form,
spatiotempo- ral patterns.

1 Introduction

In developmental biology, embryonic development is mediated by
morphogens. It is a sig- nal molecule that determines the location,
differentiation and fate of many surrounding cells [9]. In [26], Turing
showed that two diffusible morphogens could instigate diffusion- driven
symmetry breaking and bifurcation. Diffusion can destroy the stability
of spatial homogeneous steady state, that is, the stability process can
evolve into an instability with diffusion effect. Since then, a large amount
of literature research on Turing instability mechanism has emerged in
developmental biology. A fundamental property for insta- bilities in such
systems is short-range activation and long-range inhibition [13]. In de-
velopmental biology, the Gierer—-Meinhardt model is used as a classic
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example to explain the mechanism of pattern formation. The so-called
Gierer—Meinhardt model is [6]

du(zx,t) 0%u(x,t) u?(z, t) 5 ‘ _
5t —Duw"'pp(]-'-ﬂpm—ﬂu[l.f). T e {O.En). £t >0,
ov(z,t)  _ Pv(x,t) ., 5 " , _
rram DL‘T +c'plut(z,t) —vv(z,t), ze(0lm),t>0,
ue(0,t) = uz(Im,t) = v2(0,t) = ve(lm,t) =0, t>0,
u(z,0) = ¢1(z,0) 20, v(z,0)=¢a(z,0) 20, =zel0,ln], (1)

where u(x, ¢) and v(x; ¢) are concentrations of activator and inhibitor
at (%, ¢), respec- tively, and 1, D, D, p, ¢/, po, 1,7, e ¢ . are all positive constants.

Numerous studies have been done for model (1). The detailed stability
and diffusion driven instability, i.e., Turing instability of such system are
provided in [21, 28]. These re- sults further theoretically verify Turing’s
idea. The sufficient conditions for the occurrence of Hopf bifurcation
is performed in [18] showing the existence of spatially homogeneous
periodic solutions. Recently, Yang et al. [29] have investigated the
conditions for the existence of Turing—Hopf bifurcation to reveal the
system exhibits various spatiotemporal patterns.

Sakuma et al. [22] have emphasized the role of gene expression in
morphogenesis utilizing in situ hybridization, which records mRNA
levels as illustrated in developmental self-organisation via Nodal and
Lefty gene products in zebrafish mesodermal induction. The timescales
of transcriptional and translational are estimated to be in the range of 10
minutes to several hours [16]. However, previous studies usually ignore
the role of gene expression delays caused by transcription and translation
in kinetics. Therefore, a diffusive Gierer—Meinhardt system with time
delay is proposed in [15] as follows

u(z,t) Ou(z,t) u?(z, t—7) , ‘ _

5 :DHT—FPP{}‘FCPW —pu(z,t), ze(0lr),t>0
Ov(z,t &v(x,t ,
%} = Du%zj +cpvt(z, t —7) —vo(x,t), =xe(0,Ir),t>0,

Uz (0,t) = ue(Im, t) = va(0,t) = vo(Im,t) =0, >0,
u(z,t) = ¢1(2,t) 20, v(z,t)=do(x,t) 20, (2,1)e][0,In]x[-T, 0]'(2)

The two activators molecules can reversibly bind to a receptor and
eventually induce the production of additional activator (or inhibitor)
molecules, but this production has been delayed for period of time 7. .
For simplicity, we assume throughout time delay of both gene expression
events is same and constant [15].

A large number of literature studies show that dynamics depends
crucially on the time delay parameter. Time delay will destroy the stability
of the steady state and lead to a temporally periodic solution, that is, the
Hopf bifurcation occurs [3, 8, 19,20]. In [2], Chen et al. have studied the
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Hopf bifurcation analysis for model (2). It is proved that system possesses
temporal pattern. Lee et al. [15] have explored the influence of gene
expression time delays on pattern formation, what is more, proved that
the delayed Gierer—Meinhardt model exhibits abundant Turing pattern
through numerical simulation.

Furthermore, in this paper, we will focus on the joint effect of diffusion
and time delay on the pattern for model (2). It is noted that Jiang et al.
[12] have mainly considered the impact of diffusion and delay on the
Schnakenberg model, which arises from simple chemical reaction systems
with limit cycle behavior [23], and found that the system exhibits affluent
dynamic behavior (the unfoldings for normal forms at Turing-Hopf
sin- gularity are case Ia and case III according to [7]). We observe that
the Gierer—-Meinhardt model has more complex nonlinear terms and
based on the work of Lee et al. [15] in which revealed model exhibits
numerous interesting Turing pattern by numerical simulation. Therefore,
these findings have inspired us to study the Gierer—Meinhardt model to
explore how diffusion and delay essentially affect the formation of pattern
and whether the model can produce more complex Turning patterns
comparing with the Schnakenberg model.

In this paper, we will build the existence of Turing, Hopf and Turing—
Hopf bifurcation for the delayed Gierer—Meinhardt model. Firstly, we
get the Turing bifurcation curve by analyzing the characteristic equation,
which is continuous and piecewise smooth, and system undergoes
Turing—Turing bifurcation at the nonsmooth points. Especially, we
obtain the spatial inhomogeneous steady state in multifarious profiles,
which depends on the wave number. This provides a theoretical
explanation for the existence of spatial inhomogeneous periodic solutions
with high frequency at low diffusion rates. Next, we take time delay as
the bifurcation parameter proving that the model will undergo Hopf
bifurcation at critical values. It is worth mentioning that characteristic
equation contains a second-order transcendental term, which results
in solving the parameter values for the purely imaginary eigenvalues
iis reduced to an eighth-order polynomial of ., hence the critical
parameter values can hardly be explicitly solved. Finally, we will mainly
focus on the interaction of diffusion and delay on the model from
the perspective of Turing—Hopf by method of combining the central
manifold theorem and the normal form theory [4,5,10,27]. It is worth
noting that codimension-2 Turing—Hopf bifurcation is usu- ally to
be applied to explain spatiotemporal phenomena in chemical reaction,
predator— prey models, developmental biology, etc. [1, 12, 24, 25,29, 30].
Jiangetal. [11] have derived the formulas of calculating normal forms for
a general delayed reaction diffusion equation with Neumann boundary
condition, which can greatly simplify the complexity of calculation.
By employing these formulas we theoretically prove the existence of
various spatiotemporal patterns instead of computational simulations
[14, 15], such as semistable spatially inhomogeneous periodic solutions,
as well as tristability of a pair of spatially inhomogeneous steady states
and a spatially homogeneous periodic solution coexisting, in addition,
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quantitatively give the specific existence region of various forms of
solutions near the Turing—Hopf singularity.

This paper is organized as follows. In Section 2, by analyzing
characteristic equations

at the positive constant steady state we have established the conditions
for Turing, Hopf and Turing—Hopf bifurcation. In Section 3, normal
forms truncated to order 3 of the delayed Gierer—Meinhardt systems in
the neighborhood of Turing—Hopf singularity are derived by applying
normal form method [4, 27] and generic formulas evolved in [11].
In Section 4, we analyze the reduced Gierer—-Meinhardt systems with
gene expression delay and present that the systems exhibits various
interesting spatial, temporal and spa- tiotemporal patterns. Moreover,
numerical simulations are shown to illustrate the previous theoretical
results. Finally, there is a brief conclusion in Section 5. Throughout the
paper, N is the set of all positive integers, and m =nuo} represents the set
of all nonnegative integers.

2 Turing Bifurcation and Hopf bifurcation

In this section, we consider the Turing bifurcation and Hopf bifurcation
for system (2) with the homogeneous Neumann boundary condition.
For the sake of convenience, by applying the following scalings [15]:

. ¢ T T
t:— ;_:—‘_ i‘:—,. ’:'-r:TV.
TS [ TS E { L]
~ 1.0, oy o'
D = ng =, i = —'O-u.. U= Ep 7 U,
cp c2p

where T ¢ is a arbitrary timescale. Dropping the tilde, system (2)
becomes the following nondimensionalized system:

ou(z,t)  u(x,t) u?(z, t —7) N ﬁ
at —:DW—F ¥ p—qu{l‘f}—km R x E{O,u}. t=>0
du{l:r‘t} _ Dd‘-z!{:r. f-) 4 [-1{-2[1‘. t—7)— 1-‘(1‘.ﬂ). z € (0,7), t >0,

dt dr2
Uy (0, 1) = ug(m,t) = v.(0,t) = v (m,t) =0, >0,
u(z,t) = ¢1(2,t) 20, wv(z,t) =¢2(2,t) 20, (2,1) €[0,7] x [-7,0], (3)

where p=mocji@)>0.q=pv>0.2= DD, > 0

Obviously, there is a unique positive
equilibrium (u.,v.) = (p+1)/4, (p+1)/9?).. Linearizing system (3) at (u*, v*), we
obtain
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du(z,t) u(z,t) . 2g
o = eD 2 pu(z,t) + " 11&{;}:, t—1)
— - _ vz, t—T7) ], xe(0,m),t=>0,
—Lplat-n), e, >0
ov(z,t)  _Pu(zt) [ 2(p+ Du(z, t — 1)
o~ P M- q ’

r e (0,m), t>0,
U (0,t) = uz(m, t) = v2(0,t) = ve(m,t), t>0,
u(z, t) = ¢ (z,t) 20, vz, t)=gao(x,t) 20, (z,t)e0,7]x [—T,Pi)

Let w4, £ N., be the eigenvalue of Laplace operator A with Neumann
boundary condition in one dimensional spatial domain (0, 7). Then g =

K? and the characteristic equation of (4) is
Di(A\1,2) = N+ p A+ + (spA + qk}c_’\'” +he =0, ke F{g;

Where

pr = (s + 1)DE? + (1 +q), ri = (eDE* +~vq) (DE* + ),

297 2 297 27
=, = —(DE +~ . hpy = ——.
ok p+1 e ( +')-p+1' ’ p+1 ©

In particular, forr.. = 0, (5) turns into
Dy(A,0,¢e) =AM - TR A+ DET,. =0, kel
7)

Where

2qg-y
DET;. = E{Dirc?)2 + (sn,- +yq — p%) Dk* +~v%q, ke N,

D iy
TRy = (e 1)DE2 —~(g+ 1)+ —2L L eN,
ke (e+1) /(g + }+p+1' e Mp

Throughout this paper, we assume that

(NO) 1 >29/(p+1)—g>0.

By (NO) we know that all eigenvalues of (7) with .k = 0 have negative
real parts.
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2.1 Turing bifurcation

Forany 4 € N, define

e, (k, D) = GH 0D ¢ s 2P
S | My — {Dk‘?}z +A||"DJ!L’-2 s k= (PE% _ﬂl-q)kzl

Obviously, DET. £ = 0 whenever - --.c.n, . The following lemma gives
the proper- ties of - —-..n). .

Lemma 1.

Suppose that (NO) holds. Then we have
(i) For any fixed vev-~-.0) reaches its maximum ¢ wu at extreme point

D=D..(k). ,

Dok (2 —va)y+2v%¢+ \/(ﬁ—l —y2)7+272q + 42 —gr’q
2(75 —7g)k?

>Dk,

and ¢*(k, D). is monotonically decreasing .increasing. in D for D > D,,
(k) (D <D <D (k).
(ii) For any k € N, the equation
c.(k,D)=e.(k+1,D), D>0,

has a unique ro0t ... = w.i+0.0.0) for D, which is given by

Do 1 (L, 1

p+1

f 1 1\ AR -9
[nag2( L P
T\ (ﬁ:ﬂ - (;:.+1)2) TRk 1) }

Moreover,
sk D) >z (k+1,D)>c(k+2,D)>---, D>Dp ..
In order to understand the properties of ¢*(k, D) more intuitively, we

give the graph of ¢*(k, D) for different k in Fig, 1.

In the following, we define

D)=k, D), De[Dg pyr1,Dp—q k), ke N,
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(R f:}

018

014

0.1z

0.08

0.08

0.04

0.02

where Dy, = +~ From the following analysis we will note that ¢*(D) is
actually the Turing bifurcation curve and 7. ... <10 is the Turing—Turing
bifurcation points, which are plotted in Fig. 1. The properties of e*(D) are
similar to the Turing bifurcation curve in delayed Schnakenberg systems,
in [12], it gives a detailed explanation so we can omit here.

Lemma 2.

Assume that (NO) holds and D > . Then

(2) If D =vnsDis) fOr SOME 12 Wand= = =.(D), then . is a simple root of (5)
with k =k , and all the other roots of (5) have strictly negative parts for ©
= 0. Furthermore, Let A = .(k, 7, ¢) be the root of (5) with k = k; . such that
Mkl 7 e.(D)) =0. Then d.(k1, 7, £)/de| , —#(D) < 0.

(ii) If D= Diiossc==.Duncn), then . is a simple root of (5) for both k.

andk. + 1.

T T T T T T

:D_“:E'J,c_m: ] ) ) :91\:1]'{'.&] tm -
Te.a _
*T
1
28 el1,00 |
I T
1 [ ] R .
1 1 2
1 1 |
1 1
1 1
1 1 E
1 1
1 1 _
1 1 el2, D)
1 1
1 1 1
1 1 ei3,0)
1 1 -
1 1

o 1 | 11 | 1 1 |
00, 0,0, 008 D Dooa 0.15 0.2 0.25 0.2 0.35
D
Figure 1.

The curves of e#(k, D) for differentk, k € N.

Proof of Lemma 2. (i) DET. = 0 if and only itz ==.(, D) forke1So0, for any
k €N, y = 0 is always a root of (5) with such . when - -.(.5). Then by
the properties of .¢*(D) and e*(k, D), when D E(Dyp, & 141, D 1-1,41)
for some k1 and - =-.(x. ). is the root of (5) with £ = £1. Moreover, 1o is
simple, by D>y we can obtain that

del{}.,’r,f}_
dA

| =—TRy, +7(—qr, —2hs,) > 0.
A=0

By (NO) we know that 7R; < 0 for all k € N. and DET} > 0 for all
k € N, k/= k1. So all the other roots of (5) for 1t = 0 has negative real
parts when -= =.(D)

Differentiating (5) with respect to . and due to D > 7, we can deduce
that
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dA(ky,7,e4(D)) D?k* 4+ Dk%y o
ds Pk, Sk, —Tqr, — 2Thg,

(ii) The proof is similar to proof of (i), which is omitted here.
From the above analysis we can get the following important
conclusions about Turing bifurcation of system (3).

Theorem 1.

Assume that (NO) holds and D > . Then
(i) For p=oir=>=). then (0%, v*) of system (3) is asymprotically stable
Jort=0, and if 0 < ¢ < e(D), then (u*, v*) is unstable.
(ii)) For D € (D g +1, Di -1, k), system (3) will undergoes k-mode
Turing bifurca- tion at -=-.(0)
(iii) When D = Dy i 41, (k, k + 1)-mode Turing—Turing bifurcation
occurs at ¢ = e#(Dk, k+1).

Remark 1.

The definition of .-mode Turing bifurcation, which occurs in the last
theorem, as well as ..-mode Hopf bifurcation and (£, #2)-mode Turing—
Hopf bifurcation, which will occur in the following parts, are given on
page 6 of [11]. A (k k£ + 1)-mode Turing— Turing bifurcation can be
defined in the same manner as (#1, #2)-mode Turing—Hopf. The reader
can refer to [12], so, it will not be repeated here.

2.2 Hopf bifurcation

In this section, we study the Hopf bifurcation in the case of .- ..0.0-0
We will employ the method proposed in [2] and [17] to analyze the
distribution of characteristic roots of (5).

For some # =, 1 = ., > oysatisfy D. (iwk, 7 ¢) = 0, then we have

—wi + prwil + 1+ (Spwpi + g )e T ™ET 4 hpeT HWET = ),

fwz/2 /=7/2 + jm, j € Z, then let Sk = tan(wkz/2), and we have e v
k7= (1 —i%).(1 + i%k). Separating the real and imaginary parts, we have
2 2 ‘ 2
(u!k — 1+ qr — )0 — 2prwp b = wi — 1 — qr — i,

(81 — pk;"lb‘;;ﬁ'f. + [—‘21{!% + 2r. — Qfl.k}ﬂk = —(pr + S;;:lu';;.
(8)

Denote
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M, — ”’i — T —qr — g —2pp W
T _{pk + Sk}ﬂ’k —21{-‘% 4+ 2rp. — 2hy )7
My = Jwg — Tk Gk — hy .wg — Tk — 4k — hy.
) (8K — pr)ws —(pr + 1) Wi
And
M. — u"g — Tk + qr — i —2ppwp
B (Sk - pk)wk _2“-"% + 2']‘"},: — Ehk ’
We define

E(wg) =det(M,), F(wi)=det(M;) and D(w;) = det(M;).

If D(wk) /= 0, then we can solve from (8) that

*~ Dlwy)’ D(w)’ o)
and from (9) we find that wk satisfied
D(wi)E(wy) = F(wy)?. (10)

If D(wk) = 0, in order to make sure the solvability of (8) for ., then we
have

E(wi) = F(wy) =0,

and hence wk satisfies (10) in this case as well. Simplifying (10), we
conclude that wksatisfies a polynomial equation with degree 8:

: - & 2
wﬁ + e{;wﬁ -+ ng; + ejf-w}j, + efﬁ =0,
(11)
Where
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ef; = —dry. + 2p;, — s,
e = 6rf —2h} + pit — Apire — qf — siph + 2sire + 2s7hy,

ey = —4-rf. - 4?‘;¢hf. - Qp'ﬁr% — Qpr’éh}l — 2{}%@ — ?qfﬁ-k

2.2 _ 2p2 _ 5.2 2,2
+ dspqrprhy — spry, — sphy — 2sprihy — qi.pi,

. 5 a9

et =ri — 2rfh} + hi — giri — qihi + 2gfrihe,

and-: -+t is a positive root of

. N4 k.3 k.2 k. k
h(zi) = 2, +es2p +es2p + ez +e5 = 0. )
If we/2 = 7/2 + jm, j € Z, then n-ww-n+m-o and
henceD(u) = Flu) = 0. s0utis still a positive root of (12). From the above
analysis we have the following lemma.

Lemma 3.

For res w0 satisfies vwmro-ommnn =0

If we can give the conditions under which the converse of Lemma
3 is true, then we have obtained the purely imaginary roots of the
characteristic equation (5). In [2], Chen et al. provided an effective
method to solve this problem. Denote

Glwp, Or) = [@(1+ 07) + 2he (1 — 0F)] - [2w (1 — 6F) + 2prb]
— [S;\.T_L-‘k(l +H§) — 4h-kﬁ|k] : [pk[l — qu) — dwy, B, -I—Sk[l —I—@f)]

Therefore, we obtain the following lemma.
Lemma 4.

(See [2].) Fork € N, there is wy, > 0 satisfying ) -o v zomisw.n o then
tiwk are a simple pair of purely imaginary roots of (5) when

- 2 arctan f 24T
T = T;::J} — k + J .

e 1,

W
where  nup =0 v 2omigun <0 Moreover,  jorg, e (—oo,0) 5 there exists

A = alr) + ). which is the unique root of (5) for ~< o~ + for some small
€ > 0 sarisfying a(ry?) = 0 and w(r?) = wy, m ﬂddition,

470



Zhao Shuangrui, et al. Turing—Hopf bifurcation and spatiotemporal patterns in a Gierer—Meinhard system with gene expression delay

da(r) >0 when G(wy, 0)) >0
dr r,-:’."i'i,‘ft'

dﬂf(?—} < 0 when g{wk,ﬁk) <0
dT T:Tgli.jtl

For o.=~ (in the sense that arctan w.=r/2+ i<y a0 the same result.

In order to discuss the existence of the positive root of the (12), we have
adopted the method in [17].

For h(zk) of (12), we have ¢ - st <sd 24 -t Set

42 + 39%2‘% + 2&%"2& + EIf = 0.
(13)

Let v-=+u Then (13) becomes

y‘j + mpy + np =0,

Where

?n—ﬁ_ihg H—E_EEEE_Fi
KT o T 168 =337 78 4

Define

2 3 .
—1 3
W — (%) n (m_k) -. - i’/— .
2 3 2 ”
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Lemma S.

h(zk) = 0 has at least one positive root if and only if one of the following
conditions is satisfied, where ry, qi, by are defined in (6), and wow = rvowi=, (1
<. < 3) aredefined as in (14) and (15), respectively:

Hl (i + e — qi)(re + hic + qi) < 0;

H3) oom-woimsa=0m <o there exists at least one = <tuwzus such that

(HZ) (re+ P — qe) (e + ha + @) = 0, Wi 2 0, 21 >0, and h(zp.1) < 0;
> Dand h(z") < 0.

z*

Remark 2.

By Routh—Hurwitz stability criterion it is easy to prove that there exists
a K, = N, such that (12) has no positive roots for £ > Ko. In other words,
(12) exists positive roots only possible for a finite number of 0 < k < Ko.
Denote
# = {kem|o<k< K, and one of conditions (H1), (H2) and (H3) holds .
Suppose K is not empty, and without loss of generality, we assume that
it has four positive roots denoted by =, # « #.1= 1,234 Then (11) has four
POSitive roots say w., = mir ke #.1=1.234

Let
Gy [FEERET ke, jelNy, 1=1,23,4,  if6y >0,
BT | R B 0T koo g j e No, 1=1,2,3,4, if 61 < 0.

Then +iwy,is a pair of purely imaginary roots of (5) with ..,
AlT) = a(T) +iw(T)
be the root of (5) near -+ satisfying
a(r)) =0,  w(nd)) =wi.
Clearly, the sequence w5 is increasing in 7, and

lim 77 =400, 1=1,2,3,4.

J—+oo

Thus, we can define
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(0 (0 .
T, =7y =min{r,: 1 =1,2,3.4; ke ¥},
Wy -= Wy Iy

fl, is the real root of (8) with wr = w,. (16)
From the above analysis we arrive at the following conclusion on the
Hopf bifurcation of system (3).

Theorem 2.

Assume that (NO) and ¢ > e (D) are satisfied. 7, 3, *, k2 and ly are defined
asin (16).

(i) If none of (H1)—(H3) in Lemma . is satisfied, then all the roots of (5)
have neg- ative real parts for all T > 0. Therefore, equilibrium point (u..v.y of
system (2) is asymptotically stable;

(ii) If one of (H1)~(H3) in Lemma . is satisfied, then (12) has at least
one positive root, all the roots of (5) have negative real parts when v € [0,
7). Moreover, ir. <. c.w) 20 and w,#rork+kadiz i then when = = .
, all the roots of (5) have negative real parts except a pair of simple purely
imaginary roots £iw*, system (2) undergoes k2-mode Hopf bifurcation near

(). andfor v e (., 7. +¢) with some small # >0, (5) has exactly one pair
of con]ugate complex roots with positive real parts.

3 Turing—Hopf bifurcation

Based on the analysis above, we have obtained the following Turing—
Hopf bifurcation theorem.

Theorem 3.

For system (3) , assume (NO) holds, D > y and one of conditions (H1)-
(H3) in Lemnma . holds. Given kl € Ny, k> € K. Then the constant steady
state (w..v). is locally asymprotically stable when ¢ > ¢¥(D) and 0 < 7 < 7*.
Moveover, for D € (D 141, Dk1-1, k1), system (3) undergoes (k1, k2)-
mode Turing—Hopf bifurcation near (w..v). at .2 =(r.z) = (r.=(D).

In the following, we consider the spatlotemporal pattern of system (3)
induced by Turing—Hopf bifurcation. We apply the method in [11] to
calculate the normal forms of Turing—Hopf bifurcation for (7 ¢) near the
bifurcation point (.1% ¢*). First, normalize the delay T in system (3) by
time scaling ¢ -/ and translate (... into origin. Then system (3) can be
translated into
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du(zr,t) _ - [CD O?u(z,t)

(u(z, t—1) + u,)z
ot Jz2 '

+7 (p —q(u(z,1) +u.) + v(z, t—1) + v,

dv(z,t) _

5 T[DM +y((u(z, t—1) + m)z — (v(z,t) + 1-‘,))].

or? (17)

First of all, we define the following real-value Hilbert space

X :={(u,v) € H*(0,Im) x H*(0,I7): (usz,Vs)|z—0,1x = 0},

where H*(0, /z) is a standard Sobolev space, and the corresponding
complexification is xc=(+isnnex. with the complex valued .. inner

product
I

I.':[J'rl.. Drg} = /(ﬁ] U + Uy I-‘g) de, U; = ('H--i._.t-‘-i) e Xg.
0

Let ¢:=ci-10.x denote the phase space with the sup norm. We write «.<c
for @i(0) = p(t+0), -1<0<0.

According to [11], system (17) can be rewritten as

iy(t} = D(a)AU(t) + L(a)(Uy) + F(a, Uy),
dt (18)

thrc a=(oq,03) = (T—7,,£—2,), Da)= dlag
(72D D).U = (w0)" & Xe,Uv = (w,u)" <C.L: B x¢~ Xe is a bounded linear operator

F:R?xC = Xc aCt (=3 function and satisfies Fo.0)=o.p,F.0) = ovimg <c. .
From (18) we can obtain that

D(0) = 7D (50 ?) _,

Mo 1. 0
Di(e) =2D (T a2 g“l al) :
—q¢1(0) + Z1(-1) - ;nga(—l))
~2(0) + 2u.ip1 (—1)
—q1(0) + -p1(—1) — ;Lgr%?ﬁ(—l))
—02(0) + 2u.ipr (1)
Set(—1) — i (—Dwa(-1) + ;1_:;9%{—1))
¥1(-1) "
N (—1—.15;9%{—1}@2(—1) + 1 (—1)p3(—1) — ;‘gw%{—l}g
0
(a

Lop =Ty (

Ly(a)p = 2047 (
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with ¢= (e a=@am ey and cwevare the second and third Fréchet
derivative of

of . (& @) at. = 0, respectively.

By (2.4), (2.6), (2.7), (2.9) and (2.10) of [11] we can get that

0 (0) = {1=P1}T-. D2(0) = CM‘T‘Q(LPQ)TE
r(s) = N1(1,q1), Ua(s) = e T*Ny(1, q2)

(20)
with
pl:_(p,:_qﬂl)z(s DLQ Iq_%)
q = ﬁ (stDk'f + vq — ?qu)
g2 = ﬁ (iw,= +e.Dk3 +4 ;Iql c'i“’°"'°)ci“'*"* \
Ny = K—% + fh)iﬂl + ?ff + QT*H'E(;}_F Uql + 1] _1,
Ny = |:p'2[h +14e W (;ﬂj’f + QT*T(;} il 1)92 —PJ%)} _L.

For o = (a1.02) in a small neighbourhood of (0, 0), it follows from [11]
that the normal forms of (18) for Q = (0, 7) up to the third order are

= ('{.1[: ')21 —+ 1129 + 32929 + 11129 —+ 1923212229 —+ hD[
33 = iwo2za 4 ba(a)22 + biaz122 + br1227 22 + bo2323%2 + hoit,

7y = —iwgTo + bg{a Zo + bi221Z2 + bu‘.\z Ty + 52132122 + h@l)
According to [11], the coefhicients in (21) can be calculated by the

following lemma in the case of . = 0.k # 0 (which is referred to Turing—

Hopf bifurcation of Hopf- Pitchfork type).
Lemma 6.

(Sfe [1 1].) ForkZ = 0, k] 0, thepﬂrﬂmé’tfrs a1(@), Ba(@), any, azs, arrsarzs, b busz and by 17 (21)
are given by
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ar(@) = 51 (0)(La(@)r — pt, D1 (2)61(0)),

ba(0) = 5a(0) (L (@) — i, Ds (a)2(0).

@11 = a3 =b12 =0

1. 1 . .
Q111 = EwI(UJCmsm + w_oi."l"l (0) R-C(lQéiéan(D))Qéjﬁ
. 1
+ ¥1(0)Q¢, (hgoo + Ehggé);
. 2, . .
123 = WI(D)Cm@&Q + w_ubl (O) R'C(IQ"&L@’:;E-""?(O))QM&:;
1

+¢1(0) [Qe,:‘n (hgu + ﬁhg;ﬂ) + Qqﬁzh%l + Qéghﬂo]:

1, 1 .
bi12 = EwQ(D)Cqéiqfnqﬁ? + mﬂﬂz{o){QQméj ﬂjl(O)Qqéu,ﬁz

+ [_Qézmwz(o} + Q@GEQQZ(D)] Q¢31¢:1} + "‘1*&2(0){@4‘5'1!1130 + Qf.?'?:;h'g[)o)?

1, 1 2 . ,
baaz = 5%’/‘2(0}0@@5? + mwz{o) {gQﬁgng(D]Qmég + [—QQMQ%(D}

+ 4Q¢’252tﬁ2{0)] QQ}Q@Q} +12(0) (Qqﬁah-gn +Qg, hgzo).‘

Where

0 -1
Poo(8) =~ [ / dno(m] Qoutn + 5o (2(012(0) = Fa(0)52(0) Qo

0 1
: 1
h335(9)=—ﬁ f dml{e)] Qi1

0 1
oy (0) = — fdf?o(f})] Q4y3, + ﬁ(ﬁbz{g)%(o) - 52(9)@(0))@4&2525

hoti(6) =0,

_ 0 .
Lo it it
h%?[]{:g) = E 2iwol — /CZH"DS d?}o(g)‘| Qégégﬂz 0d

i [ A2(02(0) + 382 (0)520)| Qe

2 i{.r..‘g
0

-1
. . 1 .
io(6) = [iwof -/ emﬂf’dm(e)] Qorn™™ = =01 (0)01(0) Q16

—-r

hgozm) = h-gzo(ﬁ): hxfél(ﬁ) = hiﬂo(m.‘
# € [—r, 0], m. € BV([—r,0],C™) is denoted by [11, (2.6)], that is,

0
—uDab(0) + Lo = [ dne@)b(0). e C 2 C(1=n,0,C™), ke Ny,

and the other notations are given by (19) and (20).
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4 Spatiotemporal patterns with Turing—Hopf bifurcation

In the following, we will give examples to illustrate the various
spatiotemporal patterns of system (3) with a fixed set of parameter values.

4.1 (1,0)-mode Turing—Hopf bifurcation

Referring to [15], choose k= 1.p =014 =05, =01 diffusion coefficient D
= 0.5. We can obtain (u..v.) = (157518006 and.(05) = 00524 Then 1-mode Turing
bifurcation of (3) will occur at ¢*(0.5) = 0.0824. Through numerical
simulation, we can know that .w* = 0.0721 and 1* = 2.6753.

Furthermore, under the above given parameters, normal form for (1,
0)-mode Turing— Hopf bifurcation truncated to order 3 is

3, = (0.00009949250; — 1.0974ay)2; — 0.0528092% — 0.0461372; 257,

25 = 0.0721i2; + (0.009913 + 0.056380i)cx; 25 + (—0.003850 + 0.037100i)222,
+ (—0.001136 — 0.034234i)227,

%y = —0.0721iz; + (0.009913 — 0.056380i)ar; Zo + (—0.003850 — 0.037100i)222,
+ (—0.001136 + 0.034234i) 2,73

In addition, the equivalent planar system is
r= P[—Q.DUQQISQQEH iy D.U'TQTTQ:Z‘Q),
zZ = z‘(—D.DDDDDQ4925Q-1 + 1.09741 x5 + 40.626331r% + %222}

According to [7], the unfolding for (22) is case Ib. The bifurcation
set for system (3) in ¢, 7 -plane is shown in Fig. 2(a), where the critical
bifurcation lines are

L0 £==2,+0.000009066(T —7,), T < T.,
Lo: T=T,, £ < Ea.,
Ly ===z, —0.366980(T — 7s), T > Ts,
Ly e=2,—0124122(7 — 1.}, T > Ta,

Ls: £ =2.40.000009066(T —T), T > Ts,

Lg: T=T,, E > E,.
Therefore, the 7, e-plane is divided into six regions by critical
bifurcation curvesc. i —1.2....e. which are denoted by D..i =1,2,....6. For (.2)

in different regionn, i - 1.2....6. the dynamical behaviors of (22) can be
described by corresponding phase portraits; see Fig. 2(b).
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Theorem 4.

For system (3) withp = 0.1, g = 0.8, y = 0.1 and D = 0.5, when param-
eters .z, &. are chosen near Turing—Hopf bifurcation point ¢.-) = (0.0824,
2.6753), system (3) exhibits the following complex dynamics:

(i) When (7, ¢) € D., the steady state ... of system (3) is asym.totically
stable. Otherwise, the steady state (... is unstable, while (z, ¢) €, D1.

(ii) When (7, ) € D2, system (3) possesses a pair of stable spatially
inhomogeneous steady states through Turing bifurcation at w..... when (7, ¢)
crosses L1, which reflects that system exhibits spatial patterns and bistability.

(iii) When (2 = v, there are a pair of stable spatially inhomogeneous
steady states and an unstable spatially homogeneous periodic solution for
system (3) . Moreover, there exist a pair of heteroclinic orbits, which connect
the spatially homogeneous periodic solution to spatially inhomogeneous
steady states, respec- tively. That is, the system exhibits semistable patterns
and bistability.

(iv) When - e . there are two unstable spatially inbomogeneous
periodic solution, which are bifurcated from the spatially homogeneous
periodic orbit on ., and a pair of spatially inhomogeneous steady states,
and a spatially homogeneous periodic solution for system (3) still
remains. Moreover, there are four heteroclinic orbits connecting spatially
inhomogeneous periodic solution to the spatially homogeneous periodic
solution and spatially inhomogeneous steady states, respectively. Therefore,
system shows semistable spatiotemporal patterns and tristability; see Fig. 3.

(v) When 1<, system (3) possesses a stable spatially homogeneous
periodic solution and a pair of unstable spatially inhomogeneous steady
states. Moreover, there are a pair of heteroclinic orbits connecting spatially
inhomaogeneous steady states to the spatially homogeneous periodic solution,
respectively, which reflects that system exhibits semistable patterns and
bistability.

(Vi) When .21 « vu system (3) has a stable spatially homogeneous periodic
solution, which represents that system exhibits temporal patterns

4.2 (2,0)-mode Turing—Hopf bifurcation

In this part, we selecti =2 p=01 g=0s+=01.D=015 Then
(U, v4) = (1.375, 1.8006), £.(0.15) = 0.0745, w, = 0.0721 and T*. = 26753 According to [7], thc
unfolding for the cylindrical coordinate equation of (21) is case IIL
When (7, ¢) = (2.7253, 0.0445), there are two spatially inhomogeneous
periodic solutions; see Fig. 4. If (7, ¢) = (2.6253, 0.0705), two spatially
inhomogenecous steady states coexist; see Fig. 5. It is easy to observe that
the patterns are different from the last case.
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7
17
)

(a) (b)
Fig.2
(a) The bifurcation set of (22) in 7, e-plane. (b) The phase portraits of (22) in case Ib.

479



Nonlinear Analysis: Modelling and Control, 2021, vol. 26, ntiim. 3, ISSN: 1392-5113 / 2335-8963

B:.:.x

L

¢

Bz

(a) (7,2) = (2.7253,0.0644)

L.z
| AP

L

7

2.z

(b) (7,2) = (2.7253,0.0644)

| R

WA

R

(©) (7,) = (2.7253,0.0759)

Fig.3
For (1, €) 4, a pair of spatially inhomogeneous steady states and a spatially homogeneous
periodic solution are stable. There are semistable patterns of spatially inhomogeneous
periodic solutions tending toward spatially inhomogeneous steady states and
spatially homogeneous periodic solution, respectively. The initial functions are:

(a) ¢1(x,t) = 1.35 — cosz, ¢a(z,t) = 1.9 — cosz, (z,t) € [0, 7] x [-2.7253,0];
(b) g1(m,t) = 1.35 + cosz, da(x,t) = 1.9 + cosz, (z,t) € [0,7] x [-2.7253,0]: (c) (=, t) =
1.3 —cosz, ¢a(z, t) = 1.9 — cosx, (z.t) € [0,m] x [—2.7253,0].

Fig.4
For (1, £) = (2.7253, 0.0445), a pair of spatially inhomogeneous periodic
solution are stable. The initial functions are $1(x, t) = 1.375 — cos
2x, $2(x, t) = 1.8906 — 1.7 cos 2x for (x, t) € [0, ] x [-2.7253, 0].
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|-

PN

Fig.5

For (1, ¢) = (2.6253, 0.0705), a pair of spatially inhomogeneous steady
states are stable. The initial functions are $1(x, t) = 1.375 — cos 2x,
$2(x, t) = 1.8906 — 1.7 cos 2x for (x, t) € [0, 7] x [-2.6253,0].

S Conclusion

In this paper, we have builded the existence conditions of Turing,
Hopf and Turing—Hopf bifurcation for Gierer—Meinhardt system with
gene expression delay. The first Turing bifurcation curve - is given,
which is continuous and piecewise smooth, and at nonsmooth points
system (3), has undergone Turing-Turing bifurcation. Besides, it has
found that diffusion can induce Turing instability, resulting in spatially
nonhomogeneous steady states.

Using . as bifurcation parameter, we have further investigated the
Hopf bifurcation for system (3) near(w..... Based on the method of
[2] and [17], we have overcome the complexity of solving the purely
imaginary roots for a second-order transcendental polynomial and given
the critical values . for the occurrence of Hopf bifurcation at which
spatially homogeneous periodic solution will be bifurcated from w..».)..

In order to explore the joint effect of diffusion and time delay, we
further investigate the Turing—Hopf bifurcation. Utilizing the general
formula established in [11], we have derived the normal form for system
(3) near the Turing-Hopf singularity. It is theoreti- cally proved that
system exhibits spatial, temporal and spatiotemporal patterns, such as
semistable spatially inhomogeneous periodic solutions, as well as tristable
phenomena of a pair of stable spatially inhomogeneous steady states
and a spatially homogeneous peri- odic solution coexisting, which is not
found in the another representative Turing model, Schnakenberg system
[12]. Significantly, the morphogenetic system can delineate the patterns
of animal epidermis, as a consequence, various spatiotemporal patterns
provide an explanation for the appearance of animal epidermal patterns.
Our research provide an analytical means for understanding the behavior
of delayed biological self-organizing systems and the parameter space for
when bifurcations occur. The analysis have shown that Turing—Hopf
bifurcation provides an explanation for the formation of spatiotemporal
pattern. The numerical results well confirmed the frontal theoretical
analyses.

Lee et al. have found that the inclusion of time delay induces the
generation of oscilla- tion patterns [15, Fig. 5 A, C or Fig. 5 D, F or Fig. 6
D, E], which can be explained by Hopfbifurcation taking time delay as the
parameter. Furthermore, time delay will greatly post- pone the formation
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of the pattern [15, Fig. 5 A, B], which is also confirmed in our research.
By analyzing the phase portraits near the Turing—Hopf singularity of the
system .-,y we find that the introduction of time delay result in there
are semistable patterns from spatially homogeneous periodic solution
(or spatially nonhomogeneous periodic solution bifurcated from spatially
homogencous periodic solution) to spatially nonhomogeneous steady
state, which attract its nearby solutions, therefore, the occurrence of the
semistable patterns will postpone the time to reach the heterogeneous
steady pattern. In addition, it is known from Theorem 1 that Turing-
Turing bifurcation will occur in model (3). Such kind of degenerate
bifurcation is usually used to explain the formation of the superposition
of spatial patterns.
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