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ON SYMMETRY PROPERTY OF CENTER
MANIFOLDS OF DIFFERENTIAL SYSTEMS*

Maoan Han'' and Ai Ke!

Abstract We present a simple and new proof on some symmetry properties
of center manifolds of differential systems under certain symmetry conditions
in a given differential system. These properties are fundamental to study local
behavior of orbits, including stability of singular points, bifurcation of periodic
solutions and homoclinic orbits of the reduced equations.
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1. Introduction on center manifolds

As we know, the theory of center manifolds plays an important role in the study of
differential systems. It is a valid tool to reduce the dimension of the phase space.
See [1-9] for general theory of center manifolds and applications of the theory. For
a given system, using its center manifold we can obtain a reduced system under
certain conditions. If we know more information about the center manifold we
can find more properties of the reduced system and therefore make a more precise
analysis on local behavior of orbits. There have been many studies on this aspect,
see [3,6] and references therein. In this paper we provide a simple and new proof on
some symmetry properties of center manifolds of differential systems under certain
symmetry conditions in a given differential system in a similar manner to the proof
of local center manifold theorem given in [1]. In this section we list two well-known
theorems on the existence and uniqueness of center manifolds and a result obtained
in [6].
Consider a differential system of the form

z=Ax+ f(z), x € R", (1.1)
where n > 1, A is an n x n matrix, and f € C*(R") for some k > 1 with
f(0)=0, Df(0)=0. (1:2)

Before stating center manifold theorems, we first introduce some notations. Let
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Define &9 (x)
i £ (x
= max sup |———
Hf”k 0<j<k xeRp" 0Ty ‘
1<i,1<n
and
CER™) ={f € C*R™) ||| f]lx < oo}
Also, let
. 8fl($)
D70 = max sup [Z5 ).

To state center manifold theorems clearly, we let further

A1 0 u
Ax =

, ueR™  veR"™ (1.3)
0 A2 v

where n = nq + ng, Aj is an ny X n; matrix with eigenvalues having zero real part
and A, an ny X ng matrix with each eigenvalue having nonzero real part. Then by
Theorem 1.1 and Theorem 2.1 in Chapter one of [1], we have the following theorem
which is called the global center manifold theorem.

Theorem 1.1. Suppose that (1.2) and (1.3) hold. Let f € CE(R™), k > 1. Then
there is a number 8 > 0 such that if |Dfl|lo < Ok then (1.1) has a unique global
center manifold W€ of class C* which is invariant and has the form

We={z=(u,v) e R"|v=19(u), u e R™}, (1.4)
where

weCﬂwwﬁﬂLDw@%ﬂLLWW)<1md%@MMwH<w- (1.5)

We remark that the uniqueness of W€ of the form (1.4) means that the function
¥ satisfying (1.5) is unique.

By Theorem 3.2 of Chapter one in [1], we have the following local manifold
theorem.

Theorem 1.2. Let (1.2) and (1.3) hold. Suppose f € C*(R™) with k > 1. Then
(1.1) has a local C* center manifold W¢ of the form

We = {& = (u,0) |[v = ¥(u), u € V}, (L6)

where V' is an open neighborhood of the origin in R™, 1 is a C* function on V,
and

»(0) =0, D(0) =0. (1.7)

As we know (see [1]), Theorem 1.2 can be obtained by applying Theorem 1.1 to
a system of the form

i = Ax+f(x)g0(%), z € R",

where p > 0 is a small constant, ¢ is a C* cut-off function from R™ to [0,1]
satisfying
p(x) =1(=0, resp.) for |z|| < 1(|jz|| > 2, resp.).
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The author [6] gave a theorem without proof which concerns bifurcations of
equivariant vector field on a Banach space supposing that the vector field is invariant
under a group which acts linearly and isometrically on the space. In particular, the
following theorem implied from [6] (also see Theorem 7.6 in [3]).

Theorem 1.3. Consider (1.1) with (1.2) and (1.3) satisfied. Let A = {Ty|g € G}
be a linear representation of a group G by isometries of R™ such that for all g € G

Ty(Ax + f(z)) = AT o + f(Tyx).

Then any center manifold W€ of the equilibrium of (1.1) at the origin is locally
G-invariant. Moreover, there are local coordinates & € R™ on W€ in which the
restriction of (1.1) to W¢

£=f(§), EeR™
is invarian with respect to the restriction A° of A to W€, i.e., for all T, € A°

Tg1e() = F(156).

In section 2 we present some results on symmetry properties of center manifolds
and the reduced systems under certain symmetry conditions supposed for a given
system of the form (1.1) and provide a simple and new proof of them.

2. Main results and proof
Consider system (1.1). Let (1.2) and (1.3) hold. Then (1.1) can be rewritten as

U= A1u+f(u,v),

u,v) € R"™.
v = Asv + g(u,v), (,0)

First, we have

Theorem 2.1. Consider system (1.1), satisfying (1.2) and (1.3). Then we have
(a) If i )
f(=u,v) = =f(u,v),
9(=u,v) = g(u, v)
for (u,v) € R™, then (1.1) has a local C* center manifold W¢ of the form (1.6),
where 1 is a C* function on V satisfying (1.7) and

(2.1)

Y(—u) =(u) for tueV. (2.2)
(b) If f(—x) = —f(x) or equivalently
f:(fuﬂ 71}) = 7f~(u7v)7
-, v) = ~3(u.0) =

then (1.1) has a local C* center manifold W of the form (1.6), where v is a C*
function on V satisfying (1.7) and

Y(—u) = —¢(u) for tueV. (2.4)
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Proof. Let ¢g : (—o00,4+00) — [0,1] be a C* function satisfying po(z) = 1 (=
0, resp.) for |z| <1 (|| > 2, resp.). Based on ¢o we introduce a C*° function ¢
on R™ as follows

p(@) =po(llzl), =eR", (2.5)

where ||z|| is the Euclidean norm of z.
Consider a system of the form

&t =Ax+ f,(x), z€R", (2.6)

where

folw) = f@)e (), R, (2.7)

and p > 0 is a constant.

By Lemma 3.1 in [1] and (1.2) we have f, € CF(R™) and ||Df,|lo < 6 as p >0
is sufficiently small, where dy, is the constant in Theorem 1.1. Then by Theorem 1.1,
(2.6) has a unique global center manifold W€ of the form (1.4), where 1 satisfies
(1.5).

Let

fP(x) = (fp(u7v)’§P(uvv))7 (ua U) € Rna

where
~ x

~ xr - -
Folwsw) = Flu0)o (), Gplon0) = Gl v)io (7).
Note that (2.6) can be rewritten as

uw=Aju+ fp(u,v),

_ ° (2.8)
0= Asv + Gp(u,v).

If (2.1) is satisfied, then by (2.5) and (2.7)

fp(*uav) = 7]?;7(”77))7 gp(fuvv) = g(ua U)

for all (u,v) € R™, which implies that (2.8) is invariant under the change (u,v) —
(—u,v).
Note that the manifold W¢ becomes

We={z=(u,v) € R"|v=1(—u), uc R}

under the change (u,v) — (—u,v). On the other hand, W¢ is also a global center
manifold of (2.8). Thus, the uniqueness of global center manifold implies that

¥(u) = ¢P(—u) for u € R™.

Obviously, there exists g9 = £9(p) > 0 such that ||(u, 1 (u))|| < p for |u| < g9. Then
we can take

Wi = {(w,v) |v = (u), |u| <eo},

and the conclusion (a) follows. The conclusion (b) can be obtained in the same way

since under (2.3) the system (2.8) is invariant under the change (u,v) — (—u, —v).

O

As we know, the flow of (1.1) on the manifold W is determined by the following
reduced system

i = Avu+ flu, () = filu), u] < . (2.9)
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If (2.1) or (2.3) holds, then by (2.2) and (2.4) we have fi(—u) = —fi(u) for |u]
small. Thus, (2.9) is centrally symmetric with respect to the origin.

We remark that the two conclusions in Theorem 2.1 can be obtained from The-
orems 1.2 and 1.3. Here, we present a clear and precise statement on symmetry
properties of center manifolds and provide a simple and new proof for the conclu-
sions in two concrete cases which are very typical.

By the invariance of W we have for |u| small

Axtp(u) + §(u, ¥ (u)) = ' (u)[Aru + f(u,¥(u))],

which can be used to compute expansions of 1(u) at u = 0.
For example, by Theorem 2.1, the system

=2+ 2y, y=y+a>
has a local center manifold of the form
y = —a? + 22" + O(2®) = (x).
The corresponding reduced system is
i =2+ 2xp(x) = —2® + O(2°).
Similarly, the system

T=y+xz,
j=—v+yz,
i=—z+ay+a°

has a local center manifold of the form
1
e = (4% — 2y + %) + 0|2,y

which is even in (z,y).
Now we generalize Theorem 2.1 to a more general case by a similar proof.
Let further

Bl 0 (5% )
Aju = , u; €R™, 5 =1,2, (2.10)
0 B2 (5

where my +mg = ny, u = (ur,uz)?. Then we can rewrite (1.1) as

u.l - Blul + fl(Ul,Ug,’l}),
g = Baug + f2(u17u2av)7 (2-11)
0 = Agv + g(ug,us,v),

where (u1,u2,v) € G C R" with G the domain of (1.1). By a very similar way to
the proof of Theorem 2.1 we can prove the following theorem.
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Theorem 2.2. Consider system (1.1), where the function f is defined on an open
set G of the form
G={zeR"||z|| <eo}, o> 0.

Let (1.2), (1.3) and (2.10) hold.
(a) If (2.11) satisfies that

JF1(—U17U27U) = _fl(ulau%v)a
fz(*ul,uzvv) = fQ(ulv'Uvi)v
g(_u17u2av) :g(u17u27v)

for (u1,u2,v) € G, then (1.1) has a local C* center manifold W¢ of the form (1.6),
where v is a C* function on V satisfying (1.7) and

P(—uy,uz) = Y(ug,us) for (fuy,us) € V.
(b) If (2.11) satisfies that

fl(_u17u27_v) = _fl(ulau27v);
fZ(_u17u27_v) = f?(u17u27v)7
g(iulvU‘Q? 71}) = 7.@(“13“27’0)

for (u1,uz,v) € G, then (1.1) has a local C* center manifold W¢ of the form (1.6),
where v is a C* function on V satisfying (1.7) and

Y(—ur,us) = —(u1,us) for (fu,us) € V.

Under the conditions of the above theorem, instead of (2.7) we define the func-
tion f, in (2.6) as

f@)e(3), Izl < eo,

0, ] > eo.

foz) =

Then as before, when p € (0,e0/2) is sufficiently small, we have
fo € CER™), IDfllo < bk

Hence, Theorem 2.2 can be obtained by applying Theorem 1.1 in the same way as
Theorem 2.1.

The above theorem can be used to study center manifolds of differential systems
with parameters. For simplicity, consider a three dimensional system of the form

$:y+f1(w7yaza€)7
Y= 7anm2n+1 +f2($aya275)7 (212>
=Mz + f3(xay727€)7

where \ # 0 is a constant, a,, = 1(# 0) for n = 0(n > 1), f1, f> and f3 are C*

functions with & > 2 for (z,y,2,e) € G x U with G C R? containing the origin in
R3 and U C R™ a neighborhood of € = 0 in R™ for some m > 1. Further, suppose

fi(z,y,2,0) = O(|lz,y,2[*), j=1,2,3. (2.13)

By adding the equation ¢ = 0 to (2.12), taking u; = (z,y), u2 = &, v = z and
applying Theorem 2.2 to the resulting system, we obtain immediately
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Theorem 2.3. Let (2.12) satisfy (2.13).
(a) If

)

fl(_x —y72,5) = _fl(x7ya27€)7

fg(—l‘, —y,z,g) = _fQ(xvy’Z?E), (2'14)
fB(_xv -Y, 215) = f3(907y7 215)

for |z| + |y| + |2| + |g| small, then (2.12) has a local C* center manifold W¢ of the

form
WE={(z,y,2)| 2 = ¥(x,y,¢), 2* + y* < 8} (2.15)

for |e| < § with § > 0 a small constant, where 1 € C* and satisfies
1!1(36,1/,6) = O(|€| + |xay|2)v ’l/}(_xa —y7€) = w(%yw‘?)
v) 1f |
fj(_xa_yv_z7€):_fj(x’yazvg)v J :17273 (216)
for |z| + |y| + |z| + |e| small, then (2.12) has a local C* center manifold W< of the
form (2.15) for |e| < & with § > 0 a small constant, where ¢ € C* and satisfies
’(/J(Q?,y,i:') = O(“S'lxvy' + |$,y|3), 1/)(_1‘7 —y’g) = —¢($7y,5)-

(c) Under (2.14) or (2.16) the reduced system of (2.12) is of the form

T = Y+ fl(xayaw(x7y?€)?€)a
y = _anxszrl + f2(x3y7¢(xa y,s),s)

and is centrally symmetric with respect to the origin.

In fact, when (2.16) holds, one has
fj<07070a€) = 0) ] = 1a2737

which ensure 1(0,0,e) = 0 since the singular point at the origin must lie on the
local center manifold W£S. When (2.14) holds, system (2.12) has a singular point
(0,0, z0(¢)) near the origin. Then one can make a change of variables (z,y,z) —
(z,y,z — 2z9(g)) to move the singular point to the origin before applying Theorem
1.1.

The third conclusion of Theorem 2.3 provides an important property of the
reduced system of (2.12) which is really useful in the study of limit cycle bifurcation
of Bogdanov-Takens type near the origin for (2.12).

Finally we remark that the function 1 in (2.15) satisfies the equation

)\Z/J + f3(xaya ¢a5) = qur(y + fl(xvya ¢a€)) + wy(fanIQnJrl + f2(z7y7w7€))7

which can be used to compute expansions of ¢ in (z,y) near (z,y) = (0,0) for |
small. In particular, it follows ¢(0,0,¢) = 0 if f;(0,0,0,e) =0 for j =1,2,3.
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