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Abstract

In this paper the Bogdanov-Takens (BT) bifurcation of an 2m coupled neurons
network model with multiple delays is studied, where one neuron is excitatory and
the next is inhibitory. When the origin of the model has a double zero eigenvalue, by
using center manifold reduction of delay differential equations (DDEs), the
second-order and third-order universal unfoldings of the normal forms are deduced,
respectively. Some bifurcation diagrams and numerical simulations are presented to
verify our main results.
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1 Introduction

By using the methods developed by the authors in [1-3], the codimension one and two
bifurcations for some neural network models with time delays have been studied; see [4—
19] for example and the references therein. But except the authors in [20, 21] who have
carried out the Hopf bifurcation of some models with # neurons, there are few codimen-
sion two bifurcation results about the neural network models with # neurons and more
delays. Recently, the BT bifurcation, Hopf-transcritical, and Hopf-pitchfork bifurcations
of the following model:

in(t) = —kuy (t) + af (w1t - 7)) + b (2t - 1)),

1.1)
l;tz(t) = —/(Ltz(t) + ﬂf(l/tz(t — 7‘)) + b2g2 (ul(t — ‘L'l)),

have been studied by Yuan and Wei in [10]. Guo et al. in [11] analyzed the fold and Hopf
bifurcations, fold-Hopf bifurcations and Hopf-Hopf bifurcations of system (1.1) with k = 1,

a=g=f
In the follow-up the authors in [12] studied the stability and bifurcation of the following
four coupled model:

1 (t) = —kuy (¢) +f(u1(t - r)) +g (u4(t - 7,'4)),
i (8) = —kun (t) + f (ua (£ = 1)) + @ (wa (£ — 70)),
i3(8) = —kuz(£) + f (us(t - 1)) + g3 (u2(t - 12)),
114(t) = —kuy(t) +f(u4(t - r)) +g4(u3 (t- Tg)).
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Fan et al. in [17] considered the following coupled model of two neurons:

Z:tl(t) = —I/ll(t) + atanh(ul(t - TV)) —aj tanh(ug(t - Tz)), ( )
1.3
I;lz(t) = —Mz(t) + do tanh(u1 (t - Tl)) - atanh(uz(t - TV)),

the coupling strengths will change their signs. The authors developed the universal un-
folding of BT bifurcation with Z, symmetry at the origin of the system (1.3) in the special
caseof 7, =0, 71 =T =7 >0,and ajp =gy =b.

The relation of systems (1.1) and (1.2) motivates us to extend the system (1.3) involving

1 neurons, i.e., the following system:

i (t) = —u(t) + afy (Ml(t - Ts)) — Arm182m (u2m(t - sz)),
() = —u;(£) + (1) af (ui(t - 7)) + (-1 @i_igi1 (wiea (£ = Ti21)), (1.4)

o (t) = —th(t) — afom (Mzm(t - Ts)) + A2m-12mB2m-1 (Mzm—l(t - sz-l))y

where m is an integer, a > 0 is the feedback strength, 7, is the feedback delay; 71, 7o, ..., Tam
denote the connection delays, ai2,dss,...,d2m-12m>d2m1 represent the connection str-
engths. Each neuron comes with a delayed self-feedback and a delayed connection from
the other neuron, and one neuron is excitatory and the other inhibitory. As regards the
relations of each neuron one can see Figure 1.

For simplicity, we assume
(H1) £0) =g(0) =0, £/(0) =g(0) =1, i =1,2,..., 2m.

The universal unfoldings about the BT bifurcation at the origin of system (1.4) will be
given. Therefore, our study is not trivial and our results are general.

The rest of this paper is organized as follows: in Section 2, the conditions under which
the origin of system (1.4) is a BT singularity are demonstrated; in Section 3, the second-
and third-order normal forms at the BT singularity of the coupled system are presented;

in Section 4, some bifurcation diagrams and numerical simulations are shown.

Figure 1 Architecture of the model with 2m
neurons, m is an integer.
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2 The existence of BT singularity
Since the origin is always the equilibrium of system (1.4), linearizing system (1.4) at the
origin yields

’/‘tl(t) = _ul(t) + ﬂul(t - Ts) - aZm,lun(t - TZm)¢

i:(t) = —wi(t) + (1) au;(t — 7)) + (-1) @iyt (£ — 7o), (2.1)

Uom(t) = =t (t) — Aty (t — T5) + Aap1,2mUam-1(E = Tom-1)-
Then the corresponding characteristic equation is

F()») — (()\ + 1)2 _ Be—ZArS)m " (_1)m+1ﬁme—2mxro =0, (2.2)

T +T2+ 4T,

2
where § = a*, 8" = a1yax3ass - - - dam-12m%2m,1, To = o

By (2.2) we can obtain
F(0) = (1-8)" + (-1)"*' g™,
F'(0) = 2m(1 — 8)" 11 + 81,) — 2(=1)" Yo B,
F"(0) = 4m(m - 1)1 - 8)">(1 + 87,)* + 2m(1 - 8)" (1 - 287))
+ (=1 2m* g ™.

Solving F(0) = 0, we have § = B + 1, then by F'(0) = 0 we have g = ﬁ > 0, which implies
8= % and then

2m(1 + )" (21 + 27,10 + 1 + 27;)
F’(0) = (1) 0.
(0)=(-1) (70 = 7)1 7

To show that the origin of system (1.4) is a BT singularity, we should investigate the
conditions under which all the roots of (2.2), except A = 0, have negative real parts.

Let § = B + 1. First, when 7, = 79 = 0, solving (2.2) one can obtain A; =0 and A, = -2.

Second, when 1, # 79, we assume T, = 0, then (2.2) can be written as

FO) =[(A+1)* = (B+D)]" + (=)™ pme >0 = 0, (2.4)
if A = iq (g > 0) is a root of (2.4), then it needs (ig + 1)2 — (8 + 1) = —Be 4™, j.e,,
—q* — B + B cos(2gTy) + i(2q - Bsin(2qTy)) = 0,

by separating the real and negative parts of the above equation and a simple computation
we have

B+q?
B 2.5
sin(2gtp) = %”. @5)

cos(2qty) =
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Hence, g should satisfy the equation g*> + 28 + 4 = 0, due to 8 > 0, a positive g does not
exist.
When 7, #0, then A = iw (w > 0) is a root of (2.2) if and only if w satisfies the following

equation:
. 2 _ —2iwts _ —2iwtg
(iw+1)* - (B +1)e =—Be , (2.6)
then one can obtain

1-w? = (B +1)cos(2wr,) — B cos(2wty),
2w = Bsin(2wty) — (B + 1) sin(2wry),

which yields
(1- w2)2 +4w? = (B +1)% + B = 2B(B + 1) cos (2w(1o — T5)). (2.7)

We rewrite (2.7) as

2 4
cos(antro ) = P

(2.8)

To investigate the existence of positive root of (2.8), we first consider the following equa-
tions:
288 +1) —2w? —wt

cos(2w(to — 75)) = 0, BED) =0,

which, respectively, have the positive roots

Wo= — w,= \/—1 B+ (B2 (2.9)

B 4'(7:0 - Ts)’

It is easy to verify that (2.8) does not have a positive root w if w, < wy and has a positive
root w if w, > wy. To make this clear one can see Figure 2.

Together with the above discussion, we have the following lemma.

Lemma2.1 Let (Hy) 8 = 2% g = 1% 105 ¢, w, < wy. Then all the roots of system (2.2),

0-Ts T0-Ts’
except ) = 0, have negative real parts, i.e., the origin of system (1.4) is a BT singularity,

where wg = m,w* =\/—1+\/f52 +(B+1)%

3 Normal forms of BT bifurcation

From Lemma 2.1 we know that when (H;) and (H;) hold, then system (1.4) at the origin
will undergo a BT bifurcation. In the following, we will generalize the methods introduced
in [1, 3] to compute the second- and third-order normal forms of the BT bifurcation. For
simplicity, as the authors have done in [17], we take a3 = ay,,1 = b and choose a and ay;

as the bifurcation parameters, i.e., we consider a = ag + «; and a;; = day,1 = bo + a3, where

l+19
T0—Ts

o and a; are all near (0,0) and § = a3 = ,B = %, B = adya23a34 -+ + Aom-1,2mA9y, =
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Figure 2 The distribution of the roots of (2.8).

b3asasa - - - Aam-12m- Then system (1.4) becomes

in(8) = —ur(£) + (ao + or)fs (w1 (¢ — 7)) = (bo + ot2)gom (Uam(t — Tom)),
12 (£) = —us(t) — (a0 + on)fa (w2t — 7)) + (bo + 02)g1 (wa (£ — 1)),

cey

4 , (3.1)
i(t) = —u;(8) + (=1)" (a0 + on)fi (it — 7)) + (=1)'@i-1,igi-1 (i (£ = Ti1)),

Uom(t) = —tho(£) — (a0 + a1)fom (Mzm(t - Ts)) + Aom-1,2mG2m-1 (M2m71(t - sz71))~

For simplicity, we rewrite system (3.1) as the following retarded functional differential
equation (FDE) with parameters in the phase space C = C([-1;, 0]; R") [1]:

U@ = L@)U; + G(Uy, ), (32)
with @ = (‘Pl»‘ﬂz ce »ﬁon)T eC.
The operator Ly = L(0) has the form

2m

0
Lotg) = [ dn(0)p(6) = Aut) + 3 Buate ) + Bt — .

g I=1
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Define A to be the set of eigenvalues with zero real part, for a BT bifurcation, we have

Ao = {0,0}, using the formal adjoint theory to decompose the phase space of an FDE.

P denotes the generalized eigenspace associated with the eigenvalues in A, and P* is the

dual space of P. Then the phase space C can be decomposed as C = P @ Q by A, where

Q={peC:(y,¢) =0}

Denote the dual bases of P and P* by ® and W, respectively, satisfying (W (s), ®(0)) = L,

® = ®Band W = BY, with B = ()

can obtain
1 0
¢ G+ 0o "
11
®O)=| ¢51 P +0¢au |, w(0) = (
Yo
Pom1 D2 + 0P
where
by boays
¢21_1+ao' ¢31_(1+ao)(—1+a0)’ v
b i
on = 06123734 i l’f, (i is even),
(1+ag)2(-1+ag)2™
b Cedi .
éa = 06{233134 it — (iis odd), e

(I1+ag)? (-1+ag)

bolao(ts — 1) -1 - 1]

é). Following similar methods to Lemma 3.1 in [3], we

Y12 Y12m
(p3) Y2,2m ’
1+ ao
¢2m 1= bo

boﬂzg [d%(zl’s -1 — T2) + 2+ T+ 'L'2]

)

P2 = 1+ ap)? ’ 2 1+ a0)?(-1 + ag)?
p _ boaxasz, - cailad((i Z“n ao rs+1)+1—1+211r;]
2 =
1+ ao)z -1+ ao)?
(i is even),
boaxsaza - a;_1,[ag((i—1 Z;_} ) +i-1+ Z;j 7]

¢i2 = i+l

(1+ao)2( 1+ag)?

(i is odd),

2m Im
& :2mrs+(1+rs)l_zlrl+ -

) veey

oz = ao(tom —T5) — (1 + t2m); o = 1+ o
by §

(=1 + ao)¥rn (L +ao)(—1+ao)¥x

Yog = ——, Y3 =
by boays

(1+a0)i (-1+ag)iym .

Yoi = — (i is even),
boayzazy - -- » A1,

i1
Yo = 2 Yo (i is odd),

boaszazs - *Ai-1,i

(1 +zzo)%(—1 +a0)i
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boyrn
—(1 + do) ’

Y1 = 16+ Zg |:3aoé (Z 7 - 2mrs) Z T (Z T+ 3m)
-1

2m m
- T (Z T+ 2m) (Z T — 4mrs)i|,
=1 =1

Y (-1 + ao) + Yorlao(ts — 1) -1 - 1]
Yo = — ,
by
V(=1 +ao)(1 + ao) + Y [aj(t + 1o - 27) =2 — 1 — 1]
boass

¢2,2m =

Y13 =

’

i=2 i = =2
Ynl+ag) 2 (-1+ao)2 Yl +ap) 2 (-1+a) 2
boaszazs - - ai-1,i boaszaz, - - CAi-1,i

i1 i-1
X [d% (Z 7 —(i- 1)Ts) —ao(ts+1) - (i-1) - Z n} (i is even),

=1 =1

Y =—

i-3 i-3
Yu(l +6lo) N(~1+ag)T . Yor(L+ag) 2 (-1 +ap) 2
boaszazs - - “ai-1,i boaszazs - - “ai-1,i

i-1 i-1
X |:ﬂ(2) (Z 7 —(i- 1)Ts) -(i-1)- Z rl:| (i is odd),
l=1 I=1

Y =

cey

Y (1 +ag)™ (-1 + ao)™ Y+ a0)" (=1 + aog)™*

boaszazs - - *A2m-1,2m boaszazs - - *A2m-1,2m

2m-1 2m-1
X |:a%) (Z 7 —(2m— 1)r5> —ap(ts+1)— 2m—-1) — Z rlj|.
I=1

I=1

1ﬁl,Zm ==

The representation of W(s) is given in the Appendix. Denote the Taylor expansion of
f(ut, o) with respect to u; and « in system (3.1) as f(ut,ot) = Z;>2 },F (us, ), we have

2m+1

1~
S Bt 0) = Ayult)en + Asu(t)ets + 3 [Buat = m)on + Boult — wen]
I=1
2m+1
+3 Y Dagui(t - oult - ), (3.3)

i=1 0<k<j<2m+1

where 79 = 0.
Using (3.3) and the formulas obtained in [3], we deduce the second order of the BT
bifurcation normal form as follows.

Theorem 3.1 Let (Hy) and (Hy) hold. Then the delay differential system (3.1) can be re-
duced to the following two-dimensional system of ODE on the center manifold at (u;, ) =
(0,0):

él =2,

ég = k121 + k222 + 7]12% + 1N22129 + h.O.t.,
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where

2m+1 2m+1
ki =y <A1 £y Bn>¢?a1 + 93 (Az £y Bzz) P,

=1 I=1

2m+1 2m+1 2m+1
ky = {%O <A1 + Z 311)¢? +y |:<A1 + Z Bn>¢3 - Z T1311¢?j| }011
-1 -1 =1

2m+1 2m+1 2m+1
+ {1/60 (Az £y Blz)fﬁf +93 |:<A2 £y Blz)qﬁg -y Tszz¢f:| }Olz,
-1 =1

=1

2m+1
m=w3<2 > Dl-k,-¢?¢?1>,

i=1 0<k<j<2m+l

2m+1 2m+1
M= 21#9(2 Y. Digdr ?1) + Vfé)[ Y 2 Du(ei¢s +¢39)

i=1 0<k<j<m i=1 0<k<j<2m+1

2m+1

_ Z Z (tx + t,)Dik/¢f¢g}-

i=1 0<k<j<2m+1

If 71 #0 and 1, # 0 hold, the bifurcation curves related to the perturbation parameters
o, ay are as follows [9, 22, 23]:
TB: ki = 0 (transcritical bifurcation occurs),
Hy: ky = 0, ky < 0 (Hopf bifurcation from the zero equilibrium point),
Hi: ky = %kl’ ki > 0 (a Hopf bifurcation from the non-trivial equilibrium),
HY: ky = %kl, k1 < 0 (a homoclinic bifurcation with the zero equilibrium point),
Hclz ky = %kl, k1 > 0 (a homoclinic bifurcation from the non-trivial equilibrium).
A numerical example is given in Section 4 (see Figures 3-5).
If £(0) = g/(0) = 0, then 1, = 5 = 0, system (3.1) is degenerate. To determine the dy-
namics near BT bifurcation we need to calculate the higher-order normal form. As [1, 22]

we have
&(2,0,1) = (1= P3)f3 (2,0, 1) = Projiunnc /5 (2,0, ), (3.5)
where

_}?sl(z) 0, /’L) =fsl(z) 0, ,LL) + ;[(szzl)(zr 0, /,L)U;(Z, /'L) + (D){le)(z7 0, /‘L)Uzz(zr /’L)

— (D) (2 )gh (2,0, ).
It is easy to obtain

Y [ﬂqﬂ/’@f (=75) — hogﬁ/y,n‘ﬂgm(—fzm)]
+ le[—ﬂq}rzmﬂg(—fs) + bog{”sof’(—n)]
2,0, ) = + ZZ; Kgli[(—l)”ldoﬂ/@?(g—fs) +(Diai 1,803 (~1i1)] (3.6
Yo laof” 7 (=T5) — @2m,182, P (—Tom)]
+ Y [—aofy 93 (—75) + bog!" ¢} (-11)]
+ XD ol (D)™ aof) 9} (-55) + (D' ai 1,897, (-Ti1)]
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whereﬂ” :fi///(o) and gl(// :gl{//(()); i=1,2,3,....,2m, ¢p1(0) = 21 + 0zy, %.(9) = gz + (¢j2 n
0pj)z2,j=2,3,...,2m.

To obtain the third-order normal form, one needs the decomposition
V3(R?) = Im(M3) @ Im(M3)°“.

Then the canonical basis in V3X(R?) has 40 elements: ((z,«)3,0)7, (0, (z,)?)7, and for the

bases of Im(M3}) and Im(M3})° one can refer to [22]. By the definition of Projy, My We have
- p» peImy), . z 0
Pro cp= Pro c = ,
Dimatgye P = 0, pelmM)), Tmose | o 3222

. Zlaiz 0 . Z10100) 0
Prohm(Mé)E 0o )" znat]’ PrOJIm(Mé) ‘ 0 ) a1z, )’
i

Together with (3.6) and by [22, 23] the third-order normal form of system (3.1) can be

written as
21 = 2,
(3.7)
Z =k +kyz + 2 + dzizy + oot
where k; and k, are the same as in (3.4), and
1 11! I i 1!
c=¢ |:W21 (aof]” = boghy,®51) + V22 (bog! — aof]"#3,)
2m
+ Z Vi (1) aof," o + (—1)’a5_1,;g,{’_’1¢?_1,1)i|y
i=3
1 /1! /1
d= ) [ﬂofl (V11— YarTs — Viadha) — 631 (a2 — Tsd21) Vo) + bogy” (V12 — T1¥r22)
— bogon D3 (V1102m1 + (D22 — Tom®Pom1) V1)
2m
+ Z[(—l)l“ﬂ o (Vi + Vai(dia — Tbin))
i=3
+ (=D a1,/ 0711 (Viidioia + (Pio12 — Tiadin) Vi) ] ¢ -
Lett= —%t, wy = ﬁzh Wy = —ﬁjng. Then system (3.7) becomes
Wy = wy,
(3.8)

Wy = VIW] + VaWy + swf - wfwz + h.o.t.,
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where v; = (%)Zlq, Vg = —%kz, s = sgn(c). From [15] we know the bifurcation of system (3.8)
is related to the sign of s. If s = 1, we have
S:v1 =0, v5 € R (a pitchfork bifurcation),
H:v, =0, vy <0 (a Hopf bifurcation at the trivial equilibrium),
T:vy = —évl, v1 < 0 (a heteroclinic bifurcation).
In Section 4, we show a numerical example under the case of s = 1 (see Figure 9).
If s = -1, we have
S:v1 =0, v, € R (a pitchfork bifurcation),
H: vy =vy, 11 >0 (a Hopf bifurcation at the non-trivial equilibrium),
T:vy = %vl, v1 > 0 (a homoclinic bifurcation),

Hy: vy =dovi, v1 >0, dy ~ 0.752 (a double cycle bifurcation).

4 Numerical simulation

To verify our main results in the previous sections, in this section, we choose system pa-
rameters and functions f;(i;), g;(u;) satisfying the conditions obtained in Sections 2 and 3
and give some numerical examples and simulations.

First, we take n = 2, fi(u;) = %, gi(u;) = % [10],i=1,2, € =15, d; = 2,
dry=1,11=61=0=13=0,ay; =ajs = */?5, ag = ¥ One can verify that all the con-
ditions in (H;) and (H;) are satisfied. Moreover, f;(0) = 0, f/(0) = 1, f'(0) # 0, g;(0) = 0,
g/(0) =1, i = 1,2. Thus, the coefficients in (3.4) are k; = 0.8452990; — 0.845299«, k; =
—0.0450298362¢; +5.11682660736522w5, n; = 0.07320508073, 1, = 0.1076706575. The
corresponding bifurcation curves of system (3.1) with 7 =1 is obtained. (See Figure 3.)

If we take (a1, 2) = (=0.01,-0.001) and initial conditions (u1(0), #,(0)) = (0.001,0.001),
then, in Figure 4(a), one can see that the equilibrium (0, 0) is a locally stable focus. How-
ever, when (o, @3) = (—0.01,0.007935), the origin loses its stability, and a periodic solution
is bifurcated from the origin (see Figure 4(b)).

Under initial values (u#;(0), #5(0)) = (=0.02,-0.00001), if we take parameters (o, o) =
(0.01,0.00053), then system (3.1) has a locally stable non-trivial equilibrium which, how-

0.0107
OLZ
B
o, 0.005] Hy
I
C
HO 0(1
-062——001 0 0.01 0.02
H o,
(&
#0.005
-0.010-
Figure 3 The bifurcation set and phase portraits for (3.4).
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a -3 b _3
1 x 10 2x 10
0.5 1
0
B = 0
-0.5
-1 -1
-1.5 -2
0 1000 2000 3000 0 200 400 600 800
Time ¢ Time ¢
Figure 4 The Hopf bifurcation from the zero equilibrium. (a) The time series with parameters
(a1, a0) = (-0.01,-0.001) and initial conditions (u;(0), u»(0)) = (0.001,0.001). (b) The time series with
parameters (g, a2) = (=0.01,0.007935) and initial conditions (u1(0), u»(0)) = (0.001,0.001).

a 9 by
005 -0.02
-0.04
= -0.1 S
-0.06
015 ~0.08
-0.2 -0.1
0 1000 2000 3000 0 500 1000 1500
Time ¢ Time ¢
Figure 5 The Hopf bifurcation from the non-trivial equilibrium. (a) The time series with parameters
(o7, 005) = (0.01,0.000053) and initial conditions (u; (0), u>(0)) = (-0.02,-0.00001). (b) The time series with
parameters (a7, @) = (0.01,0.006053) and initial conditions (u7(0), u2(0)) = (-0.02,-0.00001).

ever, becomes unstable when the parameters (o, @) cross the Hopf bifurcation curve H;
to another side. One can see a periodic solution is bifurcated from the non-trivial equilib-
rium as shown in Figure 5.

Second, when f/(0) = g/(0) = 0, we also give an example with m = 2 where 1; = 7, =
73=74=2,7,=0,d23=0.7, a3 = %E, ag = “/75, ao = 4, aip = %ﬁ(ui) = gi(u;) = tanh(u;),
i=1,2,3,4. One can verify s = 1, thus, with the parameters o; and «, changing in the small
neighborhood of (0, 0), system (3.1) can undergo a pitchfork bifurcation, a Hopf bifurca-
tion, and a heteroclinic bifurcation. The corresponding bifurcation diagram is exhibited
in the parameter plane (o, ) (see Figure 6).

It can be seen that when (o, &p) = (=0.001,-0.001), three trajectory curves with differ-
ent initial values consistently converge to the origin (0,0, 0,0), i.e., the zero equilibrium
is a locally asymptotically stable focus under the given parameters «; and «,. Keeping the
initial conditions fixed, we move the perturbation parameter (o, ;) until they across the
pitchfork bifurcation curve S to another side, then the origin becomes unstable. Simulta-
neously, two local stable non-zero equilibria are bifurcated from the origin, which leads to
system (3.1) undergoing a pitchfork bifurcation. In Figure 7, we see that system (3.1) has
two local stable foci when (o, «2) = (=0.001,-0.006).
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Figure 6 The bifurcation set and phase portraits
for (3.7) withm = 2. o 5

0 500 1000 1500 2000 0 1000 2000 3000
Time ¢ Time ¢

Figure 7 Pitchfork bifurcation is shown with initial values (u(0), u>(0), u3(0), us(0)) = (0.00053, 0.004,
0.0002,0.0004) (green curve), (-0.00053,-0.004,-0.0002, -0.0004) (blue curve), (0.5,0.4,0.3,0.4) (red
curve). (a) The time series when (o1, o) = (-0.001,-0.001). (b) The time series when

(a7, 005) = (-0.001,-0.006).

a 02
0.1
= 0
-0.1
-0.2
-0.05 0 0.05 0 1000 2000 3000 4000
u Time ¢
4
Figure 8 Hopf bifurcation from the origin with initial values (u1(0), u2(0), u3(0), u4(0)) = (0.00053,
0.0004, 0.0002,0.0004) (blue curve), (-0.153,-0.04,-0.02,-0.04) (green curve), and parameters
(0tq,02) = (-0.001,0.005). (a) The phase portrait in the plane (us, u7). (b) The time series in the plane (t, u7).

Above the line S, we let (o, @3) pass the Hopf bifurcation curve H, and take (o, o0p) =
(-0.001,0.005), then the zero equilibrium loses stability, which yields a stable periodic
solution as shown in Figure 8.

When the parameters (o, ;) are located under the bifurcation of S*, and near S*, all
solutions will approach the outer stable periodic solution excluding equilibria and the sta-

ble manifold of the trivial equilibrium (see Figure 9(a)). However, when (o1, o) are chosen
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0 1000 2000 3000 4000 5000 0 2000 4000 6000 8000
Time ¢ Time ¢

Figure 9 Initial values (uq(0), u2(0), u3(0), us(0)) = (0.00053, 0.004,0.0002, 0.0004) (blue curve),
(0.00053,0.004,0.0002,0.0004) (green curve), (0.5,0.4,0.05,0.4) (red curve). (a) (o1, o) = (0.001,0.002).
(b) (c¢q, ) =(0.001,0.0018).

at the upper-left side of the curve S, then the solutions of system (3.1) are attracted to the
corresponding non-zero equilibria if the initial conditions are close to one of the two non-
zero equilibria (see the green and blue curves in Figure 9(b)). But if the initial conditions
are chosen sufficiently far from the two non-zero equilibria, then the solutions approach
the outer stable periodic solution (see the red curve in Figure 9).

Appendix
The bases of P and its dual space P* have the following representations:

P=span®, @)= (¢1(6),¢200)),
P* = span ¥, W(s) = col(Y1(s), ¥(s)),

where ¢1(6) = ¢ € R"\{0}, $2(0) = 3 + ¢°0, ¢9 € R", and V5(s) = ¥y € R™\{0}, ¥1(s) =
U — sy, ¥ € R™, which satisfy

2m+1
(1) (A * Z&)cp? -0,
=1
2m+1 2m+1
(2) (A * ZBI)@’ = (Z uB; +1)¢?,
=1 =1
2m+1
@) v3 (A + Z&) =0,

=1
2m+1 2m+1

(4) 1/110(1‘1 + Z&) = 1#3(2 uB; +1>,
=1 =1

2m+1 2m+1

1
(5) U305 +v3 ) uBigl ~ S5 ) 1PBie =1,
=1 =1

2m+1 2m+1

1
(6) P95+ vy D uBigg — vy ) 7B

=1 =1

2m+1 2m+1

1 1
— Ewg Z TIZB]¢3 + glpg Z TISBI¢{) =0.
=1 =1
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