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Let f(-,2): R— R be given so that f(0,2)=0 and f(x, 1) =(1+ 1) x +ax>+
bx3+o0(x®) as x —» 0. We characterize those small values of ¢>0 and 1eR for
which there are periodic solutions of periods approximately Z with k€N of the
following system arising from a network of neurons

{sxm: —x(1) + f(p(1—1), 2),
(1) = — y(1) + flx(1—1), 2).

The periodic solutions are synchronized if k is even and phase-locked if & is odd.
We show that, as ¢ — 0, these periodic solutions approach square waves if a =0 and
b <0, and pulses if =0 and b>0 or if a#0. © 2001 Academic Press

1. INTRODUCTION

For ¢>0 and fe C"(Rx R), m>3, the following system of delay dif-
ferential equations

{Ex(t)Z —x()+ fy(r=1), ), (L1)

ey(t) = — y() + f(x(1—1), 2)

describes the dynamics of a network of two identical amplifiers (or
neurons) with delayed outputs. See, for example, Hopfield [ 10], Marcus
and Westervelt [12], and Wu [13].

For a given A, if a%f(f, A)>0 for £eR, then system (1.1) models the
delayed excitatory interaction of two identical neurons. We have recently
obtained some results about the global dynamics of system (1.1) under
some minor technical hypotheses [3-5]. It is shown that system (1.1) has
at least two periodic orbits when ¢ is less than a certain value, one is syn-
chronized and has the minimal period between 1 and 2 and the other one
is phase-locked and has the minimal period larger than 2. Here a solution
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(x, y) of (1.1) is synchronized if x =y in their domains of definition, and a
phase-locked T-periodic solution of (1.1) is one satisfying x(¢) = y(t — %) for
all e R. The purpose of this paper is to study the limiting properties of
these periodic solutions of (1.1) as ¢ > 0.

More specifically, we assume that

fx, )=(14+A) x+ax>+bx>*+0o(x>) as x—0. (1.2)

When a#0, f(-,A) has only one nontrivial fixed point ¢, in a small
neighborhood of 0. When a =0, we observe that if b <0 then f{(-, 1) has
two distinct nonzero fixed points ¢;, and ¢,; in a small neighborhood of 0;
if Ab >0 then 0 is the only fixed point of f in a small neighborhood of 0.
Furthermore, cy,, c¢;;, ¢5; >0 as 14— 0. One of our objectives here is to
understand how these fixed points of the map f(-, 1) is reflected into the
bifurcation from the origin of periodic solutions whose periods are
approximately 7 with some ke N.

Our work is inspired by that of Chow et al [2] and Hale and Huang
[9] for a scalar delay differential equation with negative feedback. In fact,
our presentation here is parallel to those in [2, 9]: we show that the
aforementioned periodic solutions are determined from the periodic solu-
tions of special perturbed planar Hamiltonian systems that are obtained by
an application of the normal form theory for retarded functional differen-
tial equations with parameters developed by Faria and Magalhdes [ 7]. We
will show that the normal forms on the associated center manifold are
exactly the same (up to the third order term) as those for the negative feed-
back equations if we assume the second order term of f(x, A) vanishes, i.e.,
a =0, though interpretation for the limiting properties of the resulted peri-
odic solutions for the original system (1.1) as ¢ — 0 are different from that
of the negative feedback analogue. In the case where a # 0, however, we
will have a different normal form and different limiting profiles of periodic
solutions as ¢ — 0.

Roughly speaking, our results are as follows: for any k € N, there exist a
neighborhood U, of (0, 0) in the (4, ¢) plane and a sectorial region S, in
U, such that, if (4, &) € Uy, then there is a periodic solution (£, j¢)) of
(1.1) with period 2(1+¢)+ O(le| (|A] + |e])) as (4, &) = (0, 0) if and only if
(4, &) € S,. Moreover, this orbit is unique and the solution (£{9,, 7%)) is
synchronized if k is even and phase-locked if £ is odd. When ¢ =0, as ¢ — 0,

the solution (), 7)) approaches square wave if » <0 or pulse if 5> 0.

When a # 0, the solution (%), 7)) approaches pulse as & — 0.
Note that when k is even, the periodic solution (X{), 7)) is syn-

chronized and hence %) satisfies

ex(t) = —x(1) + f(x(t—1), A). (1.3)
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Also note that periodic solutions of (1.3) give synchronized periodic solu-
tions of (1.1). Because of the uniqueness, we can deduce similar results for
(1.3) from the above results. That is, for any keN, there exist a
neighborhood V. of (0, 0) in the (4, ¢) plane and a sectorial region R, in
V. such that if (4, ¢) € V;, then there is a periodic solution x§*) of (1.3) with
period £(1+¢)+ O(le| (|A] + |e])) as (4, &) — (0, 0) if and only if (4, &) € R,.
Moreover, as ¢ — 0, if =0 then the solution x{*, approaches square wave
if b <0 or pulse if 5> 0; if a 0 then the solution x{) approaches pulse as
& — 0. The results for the case where a =0 are similar to those obtained by
Chow et al. [2] and Hale and Huang [9] for Eq. (1.3) with f satisfying

f(x, A)= —(14+2) x+ax®+ bx> + o(x?) as x—0. (1.4)

See [ 2, 9] for more details. We observe that in [ 2, 9], neither « nor b alone
but their combination f=a*+5b determines the bifurcation diagrams.
However, in our case, if a # 0 then « itself alone determines the bifurcation
diagrams and the bifurcation diagrams are different from the case where
a=0 and also from the case considered in [2,9]. This indicates a dif-
ference between excitatory and inhibitory networks of neurons. The precise
statements of our main results are given in Section 2. The main results
follow from the normal form equations on the center manifold, which are
computed in some detail in Section 3 by using the normal form theory
developed by Faria and Magalhaes [ 7], and similar arguments to those in
[2] and [9].

2. MAIN RESULTS

Before obtaining the planar system on an associated center manifold, let
us first do some local analysis for system (1.1). The linear variational
system around the equilibrium solution 0 of (1.1) is

{g;é(:): —x(O)+(1+ ) p(t—1),
()= — y(t) + (1 +2) x(1—1).

By analyzing the characteristic equation
(ev+1+(1+De ") ev+1—=(14+2)e")=0,

we can see that for given A>0 and ke N, there exists

NZEEY)!
ex(4)

V" kn—arc cos(1/(1+ 1))
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such that g(A) v+ 1+ (—=1)* (1 + 1) e~"=0 has a pair of purely conjugate
imaginary solutions = i(km—arc cos 125). Furthermore, if the complex
roots near ¢ =¢,(4) are denoted by u(4,¢) and (4, ¢), then ou(4, g(4))/
0¢ < 0. Therefore, there is a Hopf bifurcation of a periodic solution in (1.1)
and the period is around 2z/kn —arc cos(1/(1+ 1)) e (2, 5z25). It can be
shown also that for a given ke N there is a unique periodic orbit bifurcat-
ing from the origin under the assumption that > — b # 0 (this follows easily
from the calculation of the direction of bifurcation, see, for example,
Diekmann et al. [6]) and the period of this unique periodic orbit is
approximately 27/(kn —arc cos(1/(1+4)) - % as A — 0*. The basic problem
now is to determine the region near the origin in the parameter space (4, ¢)
for the existence of this bifurcating periodic orbit and to determine the
limiting properties of this orbit as ¢ — 0. We now introduce some scalings
in two cases.

Case A. k is even. Let k =2/ for some /e N. We suppose that (1.1) has
a periodic solution (x, y) with period }+r,,¢ and let

wy (1) = x(—erylt),
2.1
st ot =
Since (x, y) has period 1+ r,e, it follows from (1.1) that
{Wl(l):rzllwl(t)_rﬂlf(WZ(t_1)9 A), (22)
Wo1) = rylwo(t) — ryylf(wy(t —1), 2). .

System (2.2) is now independent of ¢. We look for periodic solutions of
(2.2) in a neighborhood of the origin. This can be regarded as a two
parameter bifurcation problem with (4, r,;) as parameters.

The next step is to determine the approximate value of the constant r,,
in the formula for the period }+ rye. The appropriate approximate value
of r,; is obtained by considering the linear variational system around the
zero solution of (2.2) for A=0,

Wi(1) =rylw (1) —rylwy(t = 1),
Wo(t) =rywy (1) — 1w (2 —1).

The corresponding characteristic equation of (2.3) is

(v—r1)* = (ryle=)*=0. (2.4)
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Note that v=0 is always a zero of (2.4). It is a simple zero if r,, # 1 and
it is a double zero if r,,=4. Also note that all other zeros of (2.4) except
a unique positive real zero have negative real parts. Since bifurcation from
a simple zero does not lead to periodic orbits, it is natural to take r, = J.

Case B. k is odd. Let k=2/—1 for some /e N. Suppose that (1.1) has
a periodic solution (x, y) with period 525 + 2ry_ ;& Introducing

{wl(t)zx[—ery1(21—1)t], (25)
wo(t)=y[ —ery_ (21— 1)t +ery_(2I—1)+ 117, '
we get
{Wl(t) =1y 1(2l=1) wi(1) =11 (21 =1) flwy(1 —=1), 1), (2.6)
Wot) =70 1(2L = 1) wy(t) =15 _1(21 = 1) f(wi(t —=1), 2). '

Using similar analysis to that for Case A, we should choose ry,_; = 5.

We remark that we need different scalings (2.2) and (2.5) to get the
transformed systems (2.3) and (2.6), respectively. In fact, if we assume that
(1.1) has a periodic solution (x, y) with period Z(1 + r,¢), then it is natural
to introduce

{wlm = x(—ryél),
wy(1) = y(—riet).

Thus,

{Wl(t) =rewi(t) —rg f(y(—=reet —1), ),
Wo(1) =1wo(t) — 1y f(x(—rret —1), 2).

Note that

—rpet—1= —re(t—1)—(ree+1)

= —rke(t—l)—];<12€(l +rk6)>.

By the periodicities of x and y, it is easy to see that the suggested scaling
works only for k being even. For k being odd, there remaining an addi-
tional half period. This leads us to introduce the scaling (2.5) for that case.



ASYMPTOTIC SHAPES OF PERIODIC SOLUTIONS 619

From the above discussions, for any /eN, if we let ry='%" or

Fa_1= 47", where h is a small parameter, then (2.3) and (2.6) can be

rewritten as

{Wﬂt)z(l%-h) wi(t) = (14 h) f(wy(t—1), 1), 27)
Win(£) = (1 4+ k) wy(t) — (1 + k) flwy(£—1), ). '
If we let w=(w,, w,), then (2.7) is equivalent to
Ww=Lw,+hLw,—F,; ,(w,), (2.8)
where
0 1
Lo=p0)~| | §lo-1, 29)
—@a( =)+ flea(—1), 1)
=(1+h 2.10
Faato) = (| R (210

forop=(9)eC=C([-1,0]; R?), the Banach space of all continuous map-
pings from [ —1,0] to R? equipped with the super norm, and w,(0)=
w(t+60) for —1<0<0.

This suggests that we should consider (2.8) as a perturbation of the
linear equation

6=Lv,. (2.11)

Equation (2.11) generates a strongly continuous semigroup 7(¢) on the
phase space C. The infinitesimal generator A4 of 7(¢) has domain
D(A)={peC':¢(0)=Le} and Ap=¢, where C'=C'([ —1,0]; R?) is
the space of all continuously differentiable mappings from [ —1,0] to R
The point spectrum of A4 is given by solutions of the characteristic equation

(v=1)2—e =0,

which has 0 as a double zero, a unique simple positive real zero and all
other zeros have negative real parts. Thus, the small periodic orbits of (2.7)
or (2.8) will lie on a two-dimensional center manifold which is tangent to
the generalized eigenspace of 4 associated with the eigenvalue 0.

The generalized eigenspace A of 4 corresponding to the eigenvalue 0 has
a basis

3+0 -1

@wyz{ ], —1<6<0. (2.12)
30 —1
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The adjoint linear equation of (2.11) is

u(t)= —u(t) +[(1) (1)} u(t+1),

with a basis for the generalized eigenspace of the eigenvalue 0 being given
by

} , 0<s<l. (2.13)
The associated bilinear form is

0 0 1
e =0 o0~ [ wen| | o @

With the above choices of basis, we verify easily that (¥, @) =1, the 2 x2
identity. As a consequence, the space C can be decomposed as

C=4® 0,
where
A={p=dx:xeR?),
O0={peC: (¥ ¢)=0}.

Each of the closed linear subspaces is invariant under the semigroup 71(z).
We also note that

(2.15)

AD = DB, B=<0 0)
-1 0

For details of the above discussion, we refer to Hale [8].
Under the decomposition w, = ®x(z) + y(t), we can decompose (2.8) as

{x=8x+ (0) [AL(®x + y) = Fy, y(®x + )], (2.16)

y=Agy+U—1II) X, [hL(Px + y) = F; )(DPx+ y)],

with xe R?* and y e Q' = O n C'. Here and throughout this paper, we refer
to Faria and Magalhaes [ 7] for explanations of several notations involved.
To avoid confusion, we used /7 for the projection.

PROPOSITION 1.  Any solution (w,, w,) of (2.7) on the center manifold is
synchronized, i.e., w; =w,.
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Proof. Let (wy, w,) be a solution of (2.7) on the center manifold. Then
it is defined for all reR. Write w,=®x(¢)+ y(¢), where x(¢)eR? and
y(t)e Q" for te R. Then (x, y) satisfies (2.16). From the symmetry of (2.7),
we know that (w,, w;) is also a solution of (2.7) on R. It follows from
(2.12)—~(2.15) that ((Dx),, (®Px),)=Dx for xe R? and (Y,, Y,)e O if and
only if (Y, Y,)eQ!, here we write ®x=((®x),, (Px),). If we write
(1) =(Y(1), Yp(7)). Then ((wa),, (wy),)=Px(1)+(Y5(1), Y,(2)) for all
t€ R. By the uniqueness of solutions of (2.16) we get Y,(¢) = Y,(z) for all
teR. Thus, (w;),=(®Px(1)); + Yi(t) = (Dx(2)),+ Y,(t) = (w,), for all e R.
Hence, w,(7) =w,(¢) for all teR, i.e., w; =w,. This completes the proof.

Remark 2. Proposition 1, combined with (2.1) and (2.5), implies that if
k is even then the periodic solution of (1.1) with period Z+r.¢ is syn-
chronized and if k is odd then the periodic solution of (1.1) with period
24 2r.e is phase-locked. Also, Proposition 1 implies that to consider the
small periodic solutions of (1.1) we only need to consider synchronized
solutions of (2.7), i.e., consider

u(t)=(1+h)u(t)—(1+h) f(u(t—1), 4).

We can start from this to calculate the normal form on the center manifold.
But this would not simplify our calculation and hence we continue our
discussion with system (2.7).

Using the normal form theory for retarded delay differential equations
developed by Faria and Magalhdes [7], we obtain the normal form of
(2.7) or (2.8) on the center manifold, which is given by

. (3A+2h) x, +24x,— Sax,x,—2ax5+ (2b+ ¥ a®) x3— 3 alx)
< "= —%ahx3+ (4b+ 28 a?) x, x5 — B aix|x, — R ahx,x,

(2.17)

up through terms of O((A+h)* |x| + (A +h) |x|?> + |x|*). The details for the
calculation of (2.17) are given in the next section. When a =0, system
(2.17) reduces to

{xl = (22 42h) x4+ 24x, + 2bx3 + 4bx | X2,
x2: — X1,

which is the same as (1.16) in [9] with f= —b and can be transformed
into (2.13) of [2] by rescaling x; and x, if » <0. Thus, we can use Remark 2
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and the same arguments in [ 2, 9] to obtain the existence of periodic orbits
and the bifurcation diagrams. When a # 0, the dynamics of (2.17) is deter-
mined by terms up to second order (see Carr [1] and Kopell and Howard
[11]). Hence, we only need to consider

{%1 (324 2h) X1+ 2%, = 5 x, x5 — 2ax3, (2.18)
X, = —X1.

We can study system (2.18) in a similar fashion as that of Hale and Huang
[9]. In fact, if we introduce the scalings

A= —ou?,
h=pud,

Bp)
(1) = —sgn(a)z\/fisx1 <— ! >

u,(1) = —sgn(a)

in (2.18), then we obtain the equivalent system

1’21 = Uy,

8./2 a| (2.19)

. 2
Uy=outy +yu, —2 \/|al uy— 3 A,

where y =2 ﬁoc,u/3 —ﬂé and sgn is the sign function. For u =06 =0, we
obtain the conservative system

Z’il =Uj,
Uy =owy — 2/ |al u3.

When o > 0, system (2.19) is the same form as system (7.4) in Kopell and
Howard [11] and when a <0 we can transform it into the case where a > 0
by using the transformations mentioned in Carr [ 1]. Therefore, we can use
the technique in Kopell and Howard [11] to find the periodic solutions.
Furthermore, using similar arguments as those in Hale and Huang [9]
with the help of the proofs of Lemmas 7.1 and 7.2 in Kopell and Howard
[11] (they are so similar and hence are omitted here), we can get the bifur-
cation diagrams for the case where a #0.
In summary, we have obtained the following results.



ASYMPTOTIC SHAPES OF PERIODIC SOLUTIONS 623

THEOREM 3. Suppose that f(x, A) satisfies (1.2) with a®>—b+#0. Then,
for any ke N, there is a neighborhood U, of (0,0) in the (4, ) plane and a
sectorial region Sk in U, such that, if (A, ¢)e U,, then there is a periodic
solution (), 3%)) of (1.1) with period %(1+¢)+ O(le| (|4 + le])) as
(4, &)—1(0,0) lfand only if (A, ¢) € S,. Furthermore, this orbit is unique and
the solution is synchronized if k is even and phase-locked if k is odd.

When a=0 and b<0, for small and fixed 1.=21,>0, the set
{& (Ao, €) €Sy} is an interval (0, e,(1y)). At the point (L, (L)), there is a
Hopf bifurcation and the periodic solution approaches a square wave as
¢—0; that is, the periodic solution (3., 3%),) has the property that
x(;’O’E(t) - C1j (respeclively, Ca3,) as €— 0 uniformly on compact subsets of
(0, 1) (respectively, (%, %)) (possibly after a translation, same for the other
cases) (see Fig. 1). When a=0 and b > O for Small and fixed A= 214> 0, the
set {&; (Ao, €)€S,} is an interval (e 2q), fi(Lo)). At the point (io, ei(2o)),
there is a Hopf bifurcation. For small and fzxed A=4y<0, the set
{& (Lo, &) €Sy} is an interval (0, 0,(1,)). As € > 0, the unique periodic solu-
tions become pulse-like in the following sense. the periodic solution

(X, 7)) has the property that X5 (1) — 0 as ¢ — 0 uniformly on compact

subsets of (0, 1)U (2, 2). The magnitude of the pulse exceeds
max{|c, |, ¢, |} (see Fig. 2). When a#0, for small and fixed 1. = 1,>0,
the set {& (Ao, e)€S,} is an interval (gl), Bi(Lo)). At the point
(Ao, €x( o)), there is a Hopf bifurcation. For small and fixed 1. =1,<0, the
set {& (Ao, €) €Sy} is an interval (0, ay(Ay)). As € — 0, the unique periodic
solutions become pulse-like with the magnitude of the pulse exceeds |c,,|
(see Fig. 3).

It is interesting to mention that the two nonzero fixed points ¢,, and ¢,,
play the same important role played by the two period doubling points d,,

\'\0“ Ek (A)
Q’b

O N
A
Q, _\
) ¢
£ —i+ 0(5)\ l \%:O(e)
A °N

FIG. 1. a=0 and »<0.
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1 +0()

FIG. 2. a=0 and »>0.

e

Cn

and d,, of [2,9]. Also note that the existence results in Theorem 3 were
previously obtained in [ 3, 5] for some special f.

Remark 4. When considering (1.3) with f satisfying (1.4), Hale and
Huang [9] showed that the vector field on the center manifold is odd.
Thus the second order terms in the vector field vanish and hence the
phenomenon of all periodic solutions approaching pulses cannot happen.
More precisely, neither a nor b alone but their combination f=a*+b
determines the bifurcation diagram. But in our model, when k is even, the
periodic solutions are synchronized and hence we get the bifurcation
diagrams for (1.3) with f satisfying (1.2). However, when a #0, a itself

FIG. 3. The case of > 0. For the case of a <0 just reflect the graph with respect to the
t-axis.
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alone can determine the bifurcation diagram, which is different from that
in [2,9]. This also indicates some differences between excitatory and
inhibitory networks of neurons.

3. CALCULATIONS OF THE NORMAL FORM ON
CENTER MANIFOLD

In this section, we employ the algorithm and notations of Faria and
Magalhaes [7] to derive the normal form (2.17) of system (2.8) on the
center manifold.

For the convenience of presentation, we let e; and e, be the standard
basis of R? ie., e;=(1,0)7 and e,=(0,1)%. We also introduce N,=
N {0}. For ¢=(q1, 42, 43, 9a) € (No)?, let |g|=37_,¢; and (x, 2, h)?=

x¢1[1 xg2 AIISh‘M'

Let Lo =¢(0)—[9 §] @(—1). We consider the following delay differen-
tial equation

w=Lw,+hLw,—F, ,(w,), (3.1)

where w, e C=C([ —1,0]; R?) and

Fongp)=(1+| ~A 7D o=, l)} ’ ¢=<¢1>

==+ fle(=1),2)
with f satisfying

fx, )=(1+71) x+ax>+bx*+o(x*) asx—0.
We regard (3.1) as a perturbation of the linear equation

v=Luv,. (3.2)

Equation (3.2) generates a strongly continuous semigroup 7(¢) on the
phase space C. The infinitesimal generator 4 of T has domain D(4)=
{peC':¢(0)=Lep} and Ap = ¢. The point spectrum of 4 is given by the
solution of the characteristic equation

(v=1)2—e 2=0,

which has zero as a double root and no other roots have zero real parts.
So we have a two-dimensional center manifold.
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We know that the generalized eigenspace A of A associated with the
eigenvalue 0 has a basis

3+0 -1
D(0)=| ;3 —1<0<0. :
o=31, T 0<0 (33)
Let
1 1
?’(s)z{ } 0<s<l. (3.4)
s 8

Then under the bilinear form

e =00 90~ wie+ || o

it is easy to verify that (¥, @) =1, the 2 x 2 identity. Thus, C can be decom-
posed as

C=4@ 0,
where
A={p=dx:xeR?,
O0={peC: (¥ ¢)=0}.

We also note that

0 0
A® =B, B= :
B

Under the decomposition w,= @x(t) + y(¢), we can decompose (3.1) as

{Xsz—i— P(0)[AL(Px + y) — F, j(Dx+ y)],
Vy=Agy+I—1I) X)[hL(Px+ y) = F; ,(Px+ y)],

with x € R? and y e Q'. We will write the Taylor expression

1
PO)LAL(Px + y) = F, 5 (Px+ y)] = ). i iy, ah),  (35)

j>2
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where f }(x, v, A, h) are homogeneous polynomials of degree j in (x, y, 4, /)
with coefficients in R2 Then the normal form of (3.1) on the center
manifold of the origin at (4, #) =(0, 0) is given by

1
X=Bx+—gy(x,0,4h)+—

1
o 23(x,0, 4, h) + ho.t., (3.6)

Y

where g} and g} will be calculated in the following part of this appendix
and h.o.t. represents the higher order terms.

Note

1< R Pt R )
=l = el #[2])
+ho.t.,

which, combined with (3.3), (3.4), and (3.5), implies

<4 [hx,+ 3 2x, +ix2—a(3xf+‘3‘x1x2+x§)]>

X, 0,4 h)=
fz(x: a/“a) O

(3.7)

These are the second terms in (x, 4, #) of (3.5). Following Faria and
Magalhaes [7], we have the second terms in (x, 4, #) of the normal form
(3.6) on the center manifold as

g;(x, 0,4, h)=UI— P},z) f;(x, 0, 4, h). (3.8)
Recall that for j>2, M is the operator defined on V}(R?) by
M(p)(x, 2, h) =D p(x, A, h) Bx — Bp(x, , h),

where V;‘(RZ) is the linear space of the homogeneous polynomials of degree
j in the 4 real variables x;, x,, 4 and 4. Consider the decompositions

VHR2) =Im(M}) @ Im(M})
VHR?) =Ker(M}) @ Ker(M;)“.

The projections associated with the preceding decompositions of VJ“(RZ)

over Im(M;) and V}(R?) over Ker(M})° are denoted by P; ; and Py ;,
respectively. Denote by (M;)~" the rlght inverse of M with range defined



628 CHEN AND WU

by the spaces complementary to the kernel of M} with (M;)~!
P} ;M= Py ;. Particularly, we have

N ox 7
2 1
M(p)= o , p=<0>.
_xla 2+P1 2
X2

After computing the images of the basis {(x, 4, h)?e:k=1,2,|q| =2} of
V3(R?) under M}, we choose basis for Im(M}) and Im(M )¢ as

2 1 2
. Xiey, Ax e —Axye,, hx ey —hx,e,, 2x1 X6 — X5e,,
Im(M ;) =span ,

I2e,, hPey, Jhe,, X1 e,, hxiey, X2, X1X5e,

Im(M ;)¢ =span{A’e,, h’e,, Jhe,, Ax ey, hxyey, Ax ey, hx,eq, X X ey, X3¢, }.

Then

(I—P}’2)< Y. (bger+c er)(x, i,h)q>

lgl =2

= (boo20 4> + boooah® + boo11 A+ (b 1910 + Cor10) AX 1 + bor10Ax,

+ (b1g01 + Co101) hX 1+ + boro1 X5+ (b 1100 + 2€0200) X1X2 4 PoagoX3) €3
(3.9)

and
Pl < s (bqe1+—cqe2>nx,z,h)q>
lgl =2
= (bzooox% — Co1104X1 — Co101 1X1 — 2C0200X1X2) €3
+ (Con20 A% + Co002h® + Coor1 Al + €1010A% 1 + 1001 hx;

2 2
+ €2000X7 + C1100X1X2 + Co1104X2 + Co1011X2 + Co200X3) €5

It follows from (3.7)—(3.9) that

8
1 fxlx1+2hx1+2£x2—ﬁx1x2—2ax§
S ghx, 0,2, h)=| 3 3 . (3.10)
2 0
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On the other hand,

Ax e+ Axyey, hx e, +hx,e,, X2e, + X X505,
Ker(M;)zspan{ 1€1 265 1€1 2€2, X1€3 1X2€2,

A2e,, hPe,y, Ahe,, Ax ey, hx ey, XTe,

We choose {A%, he,, Jhey, ix,eq, hxyey, x3ey, X1 X ey, Ax ey, hx e, xTey,
X3e,} as a basis for Ker(M})¢. Then

Py, < Y (byer+c er)(x, 4, h)q>

lgl =2

= (boo20A” + boooah® + boor1 Al + bo110Ax 5 + boo1 hx,
+ o200 X5 + D 1100X1 X2 + (1010 — Cor10) AX1
+ (b1001 — Co101) AX1 + (b2000 — C1100) xf) e+ Cozooxger (3.11)
Thus
UZ(xa ;“5 h) :MZ_IPI,ZfZ(x’ Oa )“9 h)

B <(M§)_l P, f3(x,0,7, h)>
B H(x, A, h) ’

where H=3,_»(H e, + H?e,)(x, 2, h)?€ V3(Q") is the unique solution
of

(M%H)(Xl, X2, ;“3 h) =f§(xl» X2, )“’ h)

Note that He V3(Q") implies H,=H""e,+ HPe, € Q'. It is easy to see
that H satisfies

(MgH)(xls xZ’ /15 h) :2X0[g(xla x2a )"a h)(@] +€2)]

—4D[ g(xy, x5, 4, h) e1], (3.12)
where
g(xy, Xp, A h)=hx| + 3 Ax; + Ax, —a (§ X3+ 3 x1x, + X3).

Noting

16 2 16
— 5 dXx 9 aAxX1 X
1 1 1 _ 9 1)\ _ pl 1 9 142
PI,Zfz(xla-XZ’Oa/“ah)_( O >_P1,2M2< 8 2 >a
9 dX;
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it follows from (3.11) that

16 4 x
(M;)—‘P},zf;(xl,xz,o,z,h)=(M;)—1P},2M;<9 ”>

8 .2
9 dX;

Before computing g3(x;, x,, 0, 4, h), we first consider the action of the
mapping M} on V3(R?). Take {(x, 4, h)?e;:k=1,2, |q| =3} as a basis for
V3(R?). After computing the action of M} on this basis, we can take

xix,eq, Ax3ey, hxley, xieq, Aley, ey, X3¢y, A2hey, A2x ey, Ah%e,,
h?xie,5, X\ X3€5, hxie,, AxTe,, Ahx ey, XTX5e,, AX | Xses, hX | X,e5,
J2x1e; — A2xye,, WX 61 —h*X,e,, 3x1X3e; — X3e,, 24X X e, — AX3e,,
2hx,x,e, —hx3e,, Jhx e, — Ahx,e,

and

J2xieq, h’xieq, X X3e,, Axix,e1, hx xyeq, Ahxyeq, Aey, ey,
X3ey, A*he,, A*x ey, Ah’e,, h®x,e,, Ax3e,, hx3e,, Ahx,e,

as basis for Im(M}) and Im(M }), respectively. Then

(I—P}’3)< Y. (byer+c er)(x, A, h)q>

lgl =3

= (booso /> + booos* + bosoo X3 + booa1 A2 + o129 42X,
+ boo12 A + D101 X5 + D10 AXS + boner 1x5 + boy1y AX,
+ (1020 + Co120) A°X1 + (D 1002 + Co102) 17X 1 + (D 1200 + 30300) X1 X5
+ (b1110 + 2€0210) AX1X5 + (D1101 + 2C0201) hX1 X2 + (D011 + Cornn) Ahxy) ey
Note that
g3(x1, %2, 0, 4, h) = (I — P},3)f§(x1, X3, 0,4, h),

where

J;3 =/3 +%[(Dx,yf2) U,— (Dx,yUZ) g2].
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Thus, fl=7143 [(D,, yfz) U,— (D, , U}) g,]. After a routine computa-
tion and omitting terms of (x, 4, #)? Wlth qs+qs=2, we get

g;(xla x2’ 0; /17 h)

_ (dosooxg + dozlo/lxg + dozolhxg + d1200x1x§ +di110AX1 X, + dllOlhx1x2>
O 2
(3.13)

where

dosoo = 12b + 5 a® — 6a( H 0( — 1) + H G0( — 1)),

dogro = — 3 a—3(Hzho( —1) + HGho( — 1)) — 6a(H o — 1) + Hpo( — 1)),

donor = — 12a + 3(H 30(0) + H (5500(0)) — 3(H {iz0o( — 1) + Hgzpo( — 1))
—6a(Hpp (—1) + H o, (—1)),

din00=24b + 32 a> —da(H o (— 1) + HEh(— 1))
—6a(H (= 1)+ HZ(—1)),

dii0= —3(H ool —1) + Hoo( — 1)) —da(H G o( —1) + Hio( — 1))
—6a(Hgho( —1) + Hio( — 1)),

diior = — 16a + 3(H j(0) + HT90(0)) — 3(H {Too( — 1) + HFpo( — 1))
—da(H i, (= 1) + H,(—1)) —6a(HGy, (—1) + H{Gy (—1)).

To get the explicit expression for g3, we need to solve (3.12). By using the
fact that H, e Q' for |g| =2, we get

HY =HE,, =0,

H®Po(0)=HZ,0(0)=1%0+20>+3,

Hoo(0) = Higpo(0) = —a(5 0 +20° + 5),
H{op(0)=H ) (0)=%0+26"+3,

Higo(0)=H (1%)10(9)=79+ 0?—20%+ L,

H{ho(0) = Ho(0) = — 5 al — 5 a0 + § a0® — %5 a, (3.14)

for e[ —1,0]. Substituting (3.14) into (3.13) gives

(12b + % a®) x3 — 10aix3 — 8ahx3 — %2 ahx, x,
g3(x1, x5, 0, 4, h) = +(24b + 53 a®) x, x5 — ¥ adx; x, )
0
(3.15)
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Substituting (3.10) and (3.15) into (3.6), we know that the normal form
on the center manifold is given by

(3A+42h) x; +24x,— S ax,;x, —2ax3+ (2b + ¥ a?) x3 — 3 aix?
X
()él): —%ahx3+ (4b+ 42 a?) x x5 — B aix, x, — R ahx,x, ,
2

(3.16)
up through terms of O((4 + 1)? |x| + (A +h) |x| + |x|*). This verifies (2.17).
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