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AVERAGING METHODS OF ARBITRARY ORDER,
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ABSTRACT. In this paper we provide an arbitrary order averaging
theory for higher dimensional periodic analytic differential systems.
This result extends and improves results on averaging theory of
periodic analytic differential systems, and it unifies many different
kinds of averaging methods.

Applying our theory to autonomous analytic differential sys-
tems, we obtain some conditions on the existence of limit cycles
and integrability.

For polynomial differential systems with a singularity at the
origin having a pair of pure imaginary eigenvalues, we prove that
there always exists a positive number N such that if its first IV
averaging functions vanish, then all averaging functions vanish, and
consequently there exists a neighborhood of the origin filled with
periodic orbits. Consequently if all averaging functions vanish, the
origin is a center for n = 2.

Furthermore, in a punctured neighborhood of the origin, the
system is C'*° completely integrable for n > 2 provided that each
periodic orbit has a trivial holonomy.

Finally we develop an averaging theory for studying limit cycle
bifurcations and the integrability of planar polynomial differential
systems near a nilpotent monodromic singularity and some degen-
erate monodromic singularities.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

To know when a differential system has or not periodic solutions is
very important for understanding its dynamics. Averaging theory is a
good theory for studying the periodic solutions. Of course, the aver-
aging theory is a classical tool for studying the behaviour of nonlinear
differential systems. This theory has a long history that starts with
the works of Lagrange and Laplace, who work with it in an intuitive
way. One of first formalizations of the averaging theory was done by
Fatou in 1928 [15]. Later on Bogoliubov and Krylov [4] in the 1930s
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and Bogoliubov [3] in 1945 did very important practical and theoretical
contributions to the averaging theory. The ideas of averaging theory
has been improved in several directions for the finite and infinite di-
mensional differentiable systems. More recently Hale also did good
contributions to the averaging theory, see the books [20, 21]. For mod-
ern expositions and results on the averaging theory see also the books
of Sanders, Verhulst and Murdock [37] and Verhulst [38].

Consider periodic analytic differential systems
(1) x:F0<t7$)+Z€ZFl(t7$)a (t,l‘) € R x Q?
i=1

where © C R” is an open subset, € is a parameter with || sufficiently
small, and the F;(¢,xz)’s are n—dimensional vector valued analytic func-
tions in their variables in R x €2 and periodic of period 7" in the variable
t. For z € Q, let x(t, z, €) be the solution of (1) satisfying z(0, z,¢) = .
One of the important problems in the study of the dynamics of a dif-
ferential system (1) is to know when xz(t, z,¢) is a periodic solution.
There are many different methods for studying this problem, and the
averaging method is one very useful.

In order to apply the averaging theory for studying periodic orbits
of the differential system (1), one of the basic assumptions is that the
unperturbed system & = Fy(t, z) has an invariant manifold formed by
periodic orbits. In this direction there are extensive studies for the first,
second and third order averaging theories, see for instance [6, 7, 8, 9,
13, 31, 36, 37] and the references therein. Also the averaging theory
has broad applications, see e.g. [1, 2, 13, 16, 17, 19, 23, 28, 29, 35] and
the references therein.

Recently the averaging theory was extended to arbitrary order for
computing periodic orbits. Giné et al [18] provided an arbitrary order
averaging formula of system (1) when n = 1. In [16] the averaging
theory in R™ up to any order in ¢ for the particular case Fy(t,z) =0 is
described in a recursive way and it is applied to the center problem for
planar systems. Llibre et al [24] further extended the arbitrary order
averaging method to any finite dimensional periodic differential system
provided that the manifold formed by periodic solutions of the unper-
turbed differential system & = Fy(t,x) is an open subset of 2. When
the manifold formed by periodic solutions of the unperturbed differ-
ential system @ = Fy(t, z) has dimension less than n, Malkin [31] and
Roseau [36] provided the averaging theory of first order. For a different
and shorter proof, see [6]. Buica et al [7, 8] extended the Malkin and
Roseau’s first order averaging theory to second order. Here we extend
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these previous results to arbitrary order for any finite dimensional peri-
odic analytic differential system (1). As a consequence our results also
extend and improve the ones of [18, 24].

1.1. Arbitrary order averaging theory of periodic differential
systems. For stating our results, we first consider the initial value
problem of the unperturbed differential system of (1)

(2) To(t, z) = Fo(t, zo(t, 2)), zo(0,2) = 2.

Let V C R*, with 1 < k < n, be an open and bounded subset,
and let 7 : cl(V) — R"* be a C? function such that M, := {2, =
(w,n(w))| w € cl(V)} C Qis strictly contained in the set of all periodic
solutions of the unperturbed differential system, where cl denotes the
closure of a set. Then M, is a k—dimensional smooth submanifold in
Q. Of course, if k = n the map 1 does not appear, and My = cl(V). In
this paper we have a basic assumption that the unperturbed system of
(1), i.e. the initial value problem (2) with z = z,, has the T" periodic
solutions

xo(t, 2w) = ©(t, 20) for all z, € M.

Let ®(t, z,,) be a fundamental matrix solution of the variational equa-
tion of system (2) along the solution zy(t, z,,) = ¢(t, zu)

(3) y = 0Fy(t, o(t, 20))y,

where OFy(t, ¢(t, z,,)) denotes the Jacobian matrix of Fy(¢,z) with re-
spect to z taking values at x = ©(t,2,). We inductively define the
functions

t
(4)  z;(t, zy) = (8, zw)/ D (s, 20) Kj(5, 20)ds, j=1,2,...,
0

where
(5)
j j=1 i
Kj(t, 2) == Z Fo,0,(t; 2w) + Fj(t @o(t, 20)) + Fiaj—i(t, 2w),
|a|=2 i=1 |a|=1
for j = 1,2, ..., are successively known functions, with

(6)  Fiarltszw) = (Fio(tzu)s o Fim(t20)) 7 =0,1,...

1,Q,T
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and forl=1,...,n
a (!
FO (12 = SE el 20)

al

(7) X Z Z xﬁ)(t, Zw) - - xgi)l (t, 2w)

s1+.tsn=r \ji1+...+ja; =51

X ... X Z x??(t, Zw) - - .xg-n) (t,2w) |,

an
j1+---+jan =S8n

where we have used the notations z;(t,2) = ($§1)(t, 2), ... ,:v;n) (t,2))
and Fj(t,z) = (Fj(l)(t,x), . ,Fj(n)(t,m)) for j = 1,2,... And also the

notations

0 R (2 B W S G A S (N
al al Orft ... Oxon

, al =o!. .. ap!

for o € Z7 with Z, the set of nonnegative integers. In (7) and also in
the full paper, for simplifying notations we have used the convention

that when oy, = 0 for some p = 1,...,n we have
-z Oxyf)(t, Zw) ) (8 2) = 1,
JiteFJap=

(8) 1 ! (

ng)(t,zw) . .x-‘z) (t, z0) = 0.
J1+.+ja,=sEN b

J
In this paper we also use the convention ) ¢, = 0 for any ¢y if j < i.
s=1
We note that the integrals which appear in (4) are nested integrals
whose computation usually are not easy.

Now we can state our first main result.

Theorem 1. For a periodic analytic differential system (1) we assume:

(i) For each z, € My the unique solution x(t,z,) of system (2)
satisfying the condition x¢(0, z,) = zy is T periodic.

(13) The fundamental matriz solution ®(t, z,,) of the variational equa-
tion (3) satisfies that ®71(0, z,) — ®7YT, 2,,) has in the upper
right corner the null k x (n— k) matriz, while in the lower right
corner has the (n — k) x (n — k) matriz A,,, with det A,, # 0.

Then the following statements hold.
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(a) Assume that there ezists a k € N such that Gp(z,) # 0 and
Gi(zw) =0 in My fori < k, where

T
Gi(zy) = /0 CI>_1(8, 2w) K (8, 2w)ds, j=0,1,...

Defining fr(w) : (V) = R* by fi(w) = 7G(zy), with m :
R™ — R* the projection into the first k components. If wy €
V is a zero of fi, i.e. fr(wy) = 0, and det(Oyfr(wo)) #
0, then system (1) has a T periodic solution ¢(t,e) such that
li_ril) (0,8) = 2y, -

(b) If Gr(z) =0 for all k € Z., then all orbits of system (1) with

initial points in My are periodic of period T .

Theorem 1 will be proved in section 2. We remark that there are
many dynamical systems which satisfy the conditions (i) and (i7) of
Theorem 1, see for instance [7, 26, 27] and the references therein.

Theorem 1 for periodic analytic differential systems extends and im-
proves the main results of [18, 24].

We now turn to autonomous differential systems and study the exis-
tence of limit cycles and their local integrability via averaging theory.
The problem on limit cycles and integrability of polynomial differential
systems (especially for planar polynomial systems) has been extensively
studied from different points of view, see for instance [1, 10, 11, 14, 25,
39, 40, 41, 42] and the references therein. But there remain lots of
unsolved difficult problems. In what follows we will use our extended
arbitrary order averaging theory to investigate the limit cycle bifurca-
tions and the integrability. As far as we know it is the first time that
the averaging theory is applied to study the integrability of polynomial
differential systems.

1.2. Averaging method for higher dimensional autonomous
differential systems. For polynomial differential systems near a sin-
gularity such that its linear part has a pair of pure imaginary eigenval-
ues, we can strength Theorem 1 not only on the limit cycle bifurcation
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but also on the local integrability of the singularity. Consider the fol-
lowing polynomial differential systems of degree m in R™ with n > 2

T = _y+f1(x7y7 "7’) = _y+Zf1i(xay7z)a
=2

(9) J= a4 folr,y,2) = w+ ) fulz,y,2),
=2

2=Az+ f3(v,y,2) == Az + Zfi%i(xayaz)v
=2

where z = (2®,...,2(") € R"2 A is a real square matrix of order
n — 2, fi; and fy; are real homogeneous polynomials of degree ¢ and
f3i are n — 2 dimensional real vector valued homogeneous polynomials
of degree i. Of course if n = 2 system (9) is a planar polynomial
differential system, i.e. the other components of system (9) do not
appear.

Taking the change of variables (z,y,2) — &(z,y, 2), system (9) be-
comes the one depending on the parameter . Applying the change of
variables x = rcosf,y = rsinf,z = w to the resulting system, and
choosing 6 as the new independent variable, we get the following n — 1
dimensional analytic periodic differential system

r(6,e) \ =
(10) ( w’(G,g) ) - RO(ev T,TU) + Z;E Rl(ev 7“,’[1)),
where Ry(0,r,w) = ( Aow ), and R;(6,r,w) are polynomials in the

variables r and w, and trigonometric polynomials in the variables cos
and sin #. For more details see the proof of Theorem 2.

Let zp = (rg,wp) with ro > 0 be any initial value, and (0, 29, ¢) =

(r(0, z0,€),w(0, 29, £)) be the solution of system (10) satisfying (0, zg,£) =

2p. Since system (10) is analytic in a neighborhood of the origin, we
can write the solution x(6, zp, ) in the Taylor series

x(0, z0,€) = w0(0, 20) + Z elx;(0, 20).
j=1
Let xo(0, z9) be the solution of system

(11) .Z'/(Q,Zo) = Ro(e,xo(e,ZO)),
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satisfying the initial condition x(0,z9) = 2o, and let ®(6, zy) be the

fundamental solution matrix of the variational equations of system (11)

along the solution xy(0, zg) such that ®(0, z is the identity matrix.
Define

j—1 j—i
(12) L0, 20) == R;(0,20(0,20)) + > Y Riaji(f 20),
i=1 |a|=1
where
(13) Ri,a,j(ea ZO) = <,R’z(,lo)z,j (97 20)7 s JREZL):jl) (‘97 Z(])) )
and forl=1,...,n
~3*R" (0,200, 20))

Rz(',lzu,j(ea i ) -

al

X Z Z xﬁ)(ﬁ, 2p) - - :r;gi)l (0, z0)

51+~~~+5n71:j jl+-~~+jalzsl

(14)
X ... % > 200, 20) 200, 20) |
j1+"'+j&n,1:Snfl
with
25(0,20) = (210, 20), .., 20, 20) )
= (13(9, zo),w§3’(e, 20)s - - - ,w](.n)(ﬁ, z0)> , j=1,2,...
and

0
xj(0, z0) = @(G,zo)/o D (s,20)L;(s, 20)ds, j=12,...,

are successively known functions.

Let U be an open subset of R”. For the differential system (9) a
non-locally constant function H : U — R such that it is constant on
the orbits of (9) contained in U is called a first integral of system (9)
on U.

Recall that an analytic autonomous differential system in R" is locally
C' completely integrable in an open subset U of R" with [ € NU{oo, w},
if it has n — 1 functionally independent C' first integrals in U.

The notion of holonomy intends to be a replacement of the flow

of a vector field in the case when the natural parametrization of the
solutions is absent or ignored. Its definition is involved and will not be
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presented here, for details on it we refer to Section 2.3 of Chapter 1 of
[22]. We note that this notion is essential in the statement and proof
of our next theorem.

If a singularity in R™ has a punctured neighborhood filled of periodic
orbits it is called a center.

Now we can state our next main result.

Theorem 2. For a polynomial differential system (9) with the associ-
ated 2w periodic differential system (10), we define z = (r,w) and

21
gj(z):/ O (s, 2)L5(0,2)d0,  j—1,2,...
0

Assume that there exists a 6 > 0 such that for all |zo| = |(r0, wo)| < 9,

system (11) has a 2w periodic solution xy(0, zo) satisfying x¢(0, zg) =
zg. Then the following statements hold.

(a) Assume that there exists a k € N such that gp(z) # 0 and

gi(2) =0 fori < k. If 0 € (R\ {0}) x R"? is such that

gr(z0) = 0, and det(0.gx(z0)) # 0, then system (10) has a 27

periodic solution ¢(0,¢e) such that 1_1_{% #(0,¢) = zg. Furthermore

system (9) has a hyperbolic limit cycle associated to zy in a

neighborhood of the origin.

(b) If gr(2) = 0 for all k € N, then all orbits of system (9) with
wnitial points in a punctured neighborhood of the origin are pe-
riodic, i.e., the origin is a center. Moreover we have the next
results.

(by) Forn =2 the origin of system (9) is an analytic integrable
center.

(by) Forn > 2 if all the periodic orbits have trivial holonomy,
then system (9) is locally C*° completely integrable in a
punctured neighborhood of the origin.

(¢) There exists an N € N such that if gi(z) = 0 for all k =
1,...,N, then gr(z) =0 for all k € N.

(d) Forn odd if gr(z) =0 for all k € N, system (9) is not locally C!
completely integrable in a punctured neighborhood of the origin
for alll € NU{oo,w}. Consequently there exist periodic orbits
which have nontrivial holonomy.

We note that for analytic differential systems in the plane if all the
averaged functions are zero, then we have a center, and after using the
Poincaré center theorem we obtain the integrability in the plane. Thus
we provide a new sufficient condition for integrability in the plane,
i.e. all the averaging functions are zero. So, in this sense the averaging
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theory contributes to the integrability in dimension two. But for higher
dimension we must add to the condition of all the averaged functions
are zero, the assumption of trivial holonomy of the periodic solutions
of the center, then using the integrability result given in reference [34],
it follows the complete integrability in a neighborhood of the center in
higher dimension.

We must also note that the N which appears in statement (c) of
Theorem 2 is a uniform constant which depends only on the dimension
of the space where is defined the polynomial differential system and on
the degree of the polynomial differential system.

It is known that for any analytic vector field in dimension three
having an isolated singular point there exists a trajectory through a
point different from the singularity tending to the singularity as time
goes to +00 or —oo, see [5]. So clearly statement (d) is empty when
n = 3. We do not know if it would be empty or not for n > 3.

The next example shows that for n even there are systems, whose
associated g’s all vanish.

Example 1. Consider the dimensional system
(15) t=—y+22 Y=zx+zy, i=-w, W=z,

inRY. Since the system (i, 7)) is reversible under the symmetry (z,y,t) —
(—z,y, —t) and the system (Z,w) is a linear center, it follows that the
origin of system (15) in R* is a center. Now we shall see that this
system satisfies that all the polynomials gy ’s defined in Theorem 2 are
zero, and consequently this theorem confirms that system (15) has a
center at the origin of R*.

The proof of Example 1 will be given in section 3.

Remark 1. In Theorem 2 we need the assumption that system (10)
has 2w periodic solutions filling a neighborhood of the constant solution
(r,w) = (0,0). If every entry of the matrix A of system (9) is a
parameter or A = 0, without this assumption we can also obtain the
same result as Theorem 2 working in the following way. Scale the
parameters A — €A, and using the same techniques than we used before
the statement of Theorem 2, we get system (10) with Ro(0,r,w) = 0
in the cylindric coordinates. This system for e = 0 has only constant
solutions, which of course are all 2w—periodic. The rest of the proof
follows using the same arguments as in the proof of Theorem 2.

1.3. Averaging theory for planar monodromic nilpotent sin-
gularities. Finally we restrict to real planar polynomial differential
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systems

(16) t=y+Plx,y), v=0Q(@y),

where P(z,y), Q(z,y) € R[z,y] are polynomials without constant and
linear terms. Recall that R[z,y] is the ring of polynomials in the vari-
ables x and y with coefficients in R. We note that the origin of system
(16) is a nilpotent singularity. We will develop an averaging theory to
study the limit cycle bifurcations and the integrability of system (16).
A monodromic singularity is the one whose small neighborhood is filled
with rotating orbits, i.e., it is a focus or a center.

Under the invertible and analytic change of variables £ = z, n =
y+ P(x,y), system (16) becomes

A7) &=n 0= a 1+ R&)+ b, (1+g(&) +n*p(& ),

where h(§),g(§) = O(z) and p(§,n) = O(1) are analytic. Theorems
7.2 and 7.3 of [42] show that the origin of system (17) is a monodromic
singularity if and only if £ = 2m + 1 for some m € N, ag,11 < 0 and

(1) either b, = 0;

(i) or n > m;

(i3) or n = m and X := b2 + 4(m + 1)agm, < 0.
The case (i), i.e. b, = 0, can be treated as in the case (iy) when
n = oo. So we will not discuss (i;). The case (i3) may be studied in a
similar way to the case (i) but the expressions are much complicated,
and so we omit it. In what follows for simplifying notation we set
a9mi1 = —a with a > 0 and b, = b.

Rescaling the variables and the time of system (17) by £ — £, n —
g™ty t — 7™, and taking the generalized Lyapunov polar coordi-
nate change of varlables

(18) x =r(0) Cs(h), y = r™"1(0) Sn(),
we can write system (17) as
dr
(19) = KB, r)e + K (0,1)
where
_ 0 omiigsng P 28080 s mt 1l

m ?)l— 1 —i— 1
Ki(0,r) =3 ——2% 1 ogmlgSng + 2’ 6

m+ 1 +

b
+—r2Cs?*ASn%h, n=m+1,
m—+1
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and K;(6,r) are polynomials in the variables r, Cs 6 and Sn 6 with co-
efficients polynomials in the coefficient of system (16), the details are
omitted. Recall that Cs6 and Sn @ are solutions of a Cauchy problem
and they are periodic with period 7},. They will be expressed clearly
in the proof of the next Theorem 3.

Let 79(6, r) = r be the solution of the initial value problem r{(6) = 0,
ro(0) =r. For j =1,2,..., define

9
(20) rj(H,r):/O N;(s,r)ds

with
(21)
ik ’aK 9 2)
Ni(0.7) == K;(0,r)+ S @) r(0,r).

i=1 =1 Jite+a=j—i

Clearly all NV;(6,7) and r;(6,r) are functions that can be computed
recursively.

Now we can state our last main result.

Theorem 3. For a planar polynomial differential system (16) with the
associated T,, periodic differential system (19), we define

T
g;(r) = N;(6,r)do, j=1,2,...

0
Then the following statements hold.

(a) Assume that there exists a k € N such that gp(r) # 0 and
gi(r) =0 fori < k. Ifro > 0 is such that gi(ro) = 0, and
gr(ro) # 0, then system (19) has a T,, periodic solution r(0,¢)
such that llgcl) r(0,¢) = ro. Furthermore system (9) has a hyper-

bolic limit cycle associated to rqy for € # 0 sufficiently small.
(b) If gi(r) = 0 for all k € N, then the origin of system (16) is
a center and there is a neighborhood of the origin where the
system is C'™ integrable.
(¢) There exists an N € N such that if gp(r) = 0 for all k =
1,...,N, then gi(r) =0 for all k € N.

We remark that Theorem 3 deals with perturbations of individual
monodromic nilpotent differential systems in the plane. In fact this
perturbation technique is applicable to all monodromic nilpotent dif-
ferential systems in the plane.



12 J. GINE, J. LLIBRE, K.S. WU AND X. ZHANG

This paper is organized as follows. In the next section we will prove
Theorem 1 and Corollaries 4 and 5. The proof of Theorem 2 will be
given in section 3. In the last section we will prove Theorem 3.

2. PROOF OF THEOREM 1 AND TWO COROLLAIRES

This section is devoted to prove Theorem 1 on arbitrary order aver-
aging theory for the analytic periodic differential system (1), and two
corollaries of it.

2.1. Proof of Theorem 1. For arbitrary z € Q, let z(t, z,¢) be the
solution of system (1) satisfying the initial condition z(0,z,e) = z.
Then we have

(22) x(t,z,€) =z + Zei/o Fi(s,z(s, z,¢€))ds.

To study the existence of periodic solutions is equivalent to find the
initial value z such that z(T, z,e) = z. Since system (1) is analytic, the
solution z(t, z,€) is analytic in its variables. Expanding this solution
in the Taylor series in ¢, i.e.,

(23) w(t z,6) = mo(t, 2) + Y lwy(t, 2).

J=1

Clearly z((t, z) satisfies the unperturbed system (2) of system (1), and
x(t, z) for j > 0 satisfy z,(0,z) = 0.

Our next objective will be to find the differential equations that the
functions x;(t, z) satisfy, later on we find the explicit expressions of
these functions, which help us to study the displacement function to
time T of the differential system (1), and finally the analysis of the
zeros of that function will provide us the periodic solutions of period
T which appear in the statement of the theorem.

For any z, € My C Q by assumption the solution x(t,z,) =
(t, z) of system (2) is T' periodic, we have that the associated so-
lution x(t, z,, €) of system (1) is of the form

x(t, 2w, €) = xo(t, 20) + Zijj(t, Zw)-
j=1

Set
Fi(t,(t, 20,2) = (Bt 2(t 20,€), o B (08 20,2)) )
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with ¢ = 0,1, 2,. Doing the Taylor expansion of functions in several
variables to each F .1l =1,...,n, together with the expansion (23) of
the solution z(t, z 5) we get

a( o
F(Z)(txtzw, ZZGF tgotzw (Zexjtzw>

k=0 |a|=k

o 00 o
(24) :ZaF t“”"““” (Zexjtzw>,

|laf=0

where o € Z7, || = oy + ... + oy, and for |a| > 1

a o ()
oM ..L0F(t, x)
oxft ... Oxon

(Zejxj(t,zw)> = (Z&?J W tzw> ...(Zajxg»n)(t,zw)> ;

where we have used the notation z; = (9(:5-1), cee g”)) Note that

(Zeﬂ w)( tzw)> T f: ev > aP(t )l (),

Sp=0tp JittJap=sp

> FO(tx) =

where js, s € {1,...,,}, is any positive integer such that their sum-
mation is s,. Recall that we have used the convention (8) for a,, = 0,
p=1,...,n. Then we have

(Z ela(t, zw)> = Z e’ Z Z (1)(25 Zw) - - xgi)l (t, zw)

r=|a| S$1t...F+sn=r \Jji+..+ja;=$%1

X ... X Z g?)(t Zw) - ..x§Zi(t,zw)

j1+~~~+jan =Sn

So we get from (24) that for i =0,1,...,and I =1,...,n

FO(t,a(t, 2,)) = FO(t, (1, 2) +Z e FD (2

laj=1r= Ial

(25) F(Z) o(t, 2y) +Z€J Z ]:z(la] t, 2w),

Jj=1 Ja|=1
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Where Fo (t, z) was defined in (7). Furthermore we have for | =

i,00,7
M
251 FZ (s,2(s, 2w, €))ds
=1 0
(26)
:iz/ sgoszwds—l—ZZslﬂZ/]ig]szw
i=1 i=1 j=1 =1
00 oo] Jj—1 j—i
25/ (s,0(s, 2w) ds—l—ZeJZZ/}"szszwd
J=1 i=1 |a|=1

Substituting (23), (25) and (26) into (1), and equating the coeffi-
cients of ¢/, we get

(27) @1t z0) = Y Foaalt:zu) + Fi(t, o(t, 24)),

laf=1

(28) @it z0) = D Foalt,zu) + F(t,olt, 2)

lal=1

j—1 j—i

* Z Z ]:i:av]'—i(tv Zw); Jj=2,3,...

i=1 |a|=1

where

Filtplt,z) = (FO(E ot 20), o FP (ot 20)) =12

Note that
D Fowilt zw) = OFo(t, o(t, 20))xi(t, 20).
|a|=1
Recall that 0Fy(t, ¢(t, z,)) is the Jacobian matrix of Fy(t,z) with re-
spect to z taking values at x = ¢(t, z,,).
Since x(t, 2, €) satisfies the initial condition x(0, z,,€) = z,, it fol-
lows that
(29) z;(0, z,) = 0, j=12,...

Notice that
o1 i

J
Kj(t, 20) = Z Fo,0,j(t, 20) + F(t, 00(t, 2w)) + Z Z Fiaj—i(t; 2w)

|a|=2 i=1 |a|=1
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and
‘Fiya»]'(t? Zw) = (F(l) '(t7 Zw)7 o ‘F(n) '(t> Zw)> ) ] = 1a 27 cee

Z7a?.] ’ 27a’]

are successively known functions. Then systems (27) and (28) satisfy-
ing the initial conditions (29) have the solutions given in (4), i.e.

t
xj(t, z,) = O(t, zw)/o D(s, 20) Kj(5,20)ds, j=1,2,...,

For z, € My, we define the displacement function
(30) d(zy,€) = (T, 2y, €) — 2.

Then x(t, 2, €) is a periodic solution of period T of system (1) if and
only if d(z,,e) = 0. Set

T
Gj(z) = O(T, zw)/ @‘1(5, 20) ICj(s, 2)ds,  j=2,3,...
0

Then

(31) d(zy, ) = Zgjaj(zw).

Proof of statement (a). Since ®(t, z,,) is invertible for each z, € My,
the zeros of d(z,,¢) are the same as those of ®~ (T, z,)d(zy,€). We
consider the function

P(z,e) = ® (T, 2)d(z,¢),
together with its Taylor expansion in ¢, i.e.
P(z,6) = Py(2) + eP(2) + ... + " P(2) + ...
By assumption we have
(32)  P(zw,e) ="Pu(zw) +...,  fe(2w) = TP(20), 2w € M.

We recall that the functions fx(z,) are the averaged functions which
appear in the statement of Theorem 1.

We claim that
(33) 0.P(24,0) = &40, z,) — @ HT, z,).
Indeed, first we have
0.P(z,e) = 0,9 (T, 2)d(z,¢) + ® 1T, 2)(0.2(T, z,¢) — E),

where F is the n x n identity matrix. In addition 0,x(t, z,, ) is the
fundamental matrix solution of the variational equation (3) with the
initial condition 0,z(0, z,,0) = E, so we have

0,7(t, 24,0) = ®(t, 2,) P10, ).
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Then the equality (33) follows from the fact that d(z,,0) = ¢(T), z,) —
zy = 0 for all z,, € My, where we have used the fact that ¢(t, z,) is
the solution of the initial value problem (2), and the assumption that
all orbits of the unperturbed system (2) with the initial values in M,
are T" periodic.

Let 7+ : R® — R"* be the projection of R™ to its last n — k
components. Since P(z,,0) = 0, we get from (33) and the assumption
det A, # 0 that the equation 77 P(z,¢) = 0, by the Implicit Function
Theorem, has a unique analytic solution v = g(u, €) in a neighborhood
of (z,€) = (zw,0), where we have used the notation z = (u,v) with

u = (21,...,2;) and v = (Zg41,...,2,). Substituting this solution
into mP(z,¢) and using the assumptions of the theorem we get that
mP(u,g(u,e),e) = 0 has a unique analytic solution u = wu(¢) in a

neighborhood of (u,e) = (w,0) with w € V. This proves that near

each z,, with wy satisfying f(wo) = 0 system (1) has a unique analytic

solution x = ¢(t, €) such that lir% #(0,€) = zy,. Statement (a) follows.
e—

4

Proof of statement (b). Since Gy(z,) = 0 for all k£ € N and z,, € Mo, it
follows that d(z,e) = 0 for all z = z,, € M. This implies that all orbits
of system (1) with initial points in M, are periodic of period T. We
complete the proof of statement (b) and consequently the theorem. [

Two results which follows from Theorem 1 are the following two
corollaries.

Corollary 4. For a periodic analytic differential system (1) we assume
that V- C Q C R"™ is an open and bounded subset, such that for each
z € V' the unique solution xy(t, z) of system (2) satisfying the condition
20(0,2) = z s T periodic. Then the following statements hold.

(a) Assume that there exists a k € N such that gy(z) #Z 0 and
gi(2)=01inV fori <k, where

T
gj(z):/ O (s, 2) Ky(s,2)ds,  j=1,2,...
0

If zg € V is such that gi(z0) = 0 and det(0,gk(z0)) # 0, then
system (1) has a T periodic solution ¢(t,e) such that lin% »(0,¢e) =
e—
20-
(b) If gj(z) = 0 for all j € N, then all orbits of system (1) with
wnitial points in V' are periodic of period T

Proof. Corresponding to Theorem 1 we have k& = n. Now the projection
7 is the identity map on R", and the minor A,, of order n —n = 0 of
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®=1(0,2) — DT, 2) does not appear. So the theorem follows directly
from Theorem 1. d

We remark that Corollary 4 is different from Theorem 1 only in the
region V. In Corollary 4 V' is an open subset of R™ while in Theorem
1 V is an open subset of R¥ C R”.

Corollary 5. For a periodic analytic differential system (1) which has
Fy(t,z) =0, we define

T
gi(2) :/ K;(s, z)ds, j=12 ...
0

with IC;(s, z) defined in (5), (6) and (7) instead of z, and p(t, z,) by
z. Then the following statements hold.

(a) Assume that there exists a k € N such that gp(z) #Z 0 and
9i(z) =0 fori < k. If z9 € Q is such that gi(zy) = 0 and
det(0.gx(z0)) # 0, then system (1) has a T periodic solution
o(t,e) such that ll_r}(l) #(0,¢) = zo.

(b) If gr(z) = 0 for all k € N, then all orbits of system (1) with
wnitial points in Q are periodic of period T

Proof. Since Fy(t,z) =0 for (t,z) € R x Q, it follows that
(34) To(t,z) =0, 20(0,2) = 2

with z € ) any initial value. For any z € 2, the unique solution
xo(t,z) = z of (34) is a T periodic one of system (34). We are in the
case k = n of Theorem 1. The variational equation of system (34)
along the solution z((t,z) is ¥ = 0. It has the fundamental matrix
®(t,z) = E. Moreover we get from (4) that

t
(35) z(t,z) = / K;(s, z)ds, j=12 ...
0

for z € Q). The rest of the proof follows as in the proof of Theorem 1.
This completes the proof of the theorem. O

We note that Corollaries 4 and 5 extend the main results of [18]
from one dimensional periodic analytic differential systems to any finite
dimensional periodic analytic differential systems.

In the case of C* periodic differential systems Corollaries 4 and 5 were
proved in [24]. In any case the formulas for applying these corollaries
are easier than the formulas given in [24].
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3. PROOF OF THEOREM 2 AND EXAMPLE 1

3.1. Proof of Theorem 2. For proving Theorem 2 we first transform
system (9) into system (1). Taking the change of variables (z,y, z) —
e(z,y, z), system (9) can be written in the form

T = ) + Zgi_lfli($7yv Z))

1=2

(36) y= z+ Zsi_lfgi(m, Y, 2),

1=2

z=Az+ Zsi_1f3i(x,y, Z)
1=2

Doing the change of variables

r=rcosf, y=rsinb, z=rw,

with w = (w(S), o ,w(”)), system (36) becomes
P = Z&?l ' g1:(0, w)
(37) 6=1- Z e gy (0, w),
=2
= Aw+ Y e ggi(0, w),
=2
where for e =2,...,m

g1:(0,w) = cos 0 f1;(cosb,sin O, w) + sin 6 fo;(cos ,sin 6, w),
g2i(0,w) = sin 6 f1;(cos @, sin 0, w) — cos b fo;(cos @, sin O, w),
g3i(0,w) = f3i(cos @, sin b, w)

— w(cos @ f1;(cos @, sin 0, w) + sin 6 fo;(cos 6, sin 6, w)).
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Treating 6 as an independent variable, we rewrite system (37) as an
n — 1 dimensional analytic differential system

ZE’ Y g1:(0, w) 1+Z (Z Ei_lri_lg%(@,w)> :
j=1 \i=2
(38)

I dw i—1 1 1
w'=—y (Aw + ; € g3i(0, w))
X 1+ Z (Z €i_17"i_1ggi(6, U))) ,
j=1 \i=2

which is 27 periodic in 6. Rewriting system (38) in the vector form
given in (10), i.e

( ZLI/%)) ) = Roltrow) + 3 R0 0),

=1

where
0
Ro(earaw) = ( A,w ) )
_( r912(0,w)
Ba(0,rw) = ( rga2(0, w) ) 7
2 g13(0,w) + 12 g12(6, w) g2z (0, w)
R 0 — ) ) )
20,7, w) ( 2 g33(0, w) + 12932 (0, w) g (0, w) )’

and R;(0,7,w), j = 3,4, ..., can be expressed as polynomials in g4 (0, w)
fors=1,2,3and [ =2,...,5+ 1. The exact expressions will be omit-
ted.

Proof of statement (a). Since for € # 0 the periodic orbits of system
(9) are uniquely determined by the periodic orbits of system (36), and
consequently of system (10). In addition, since Ry(6,r, w) is linear in
r and w, all its second order partial derivatives vanish with respect to
r and w. So from (5) we get (12). Then the next proof is a direct
consequence of Corollary 4. O

Proof of statement (b). From Corollary 5 and the proof of statement
(a) of that theorem, it follows that all the orbits of system (10) are
periodic of period 27r. Hence all the orbits of system (9) in a punctured
neighborhood of the origin are periodic.
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(by). For n = 2 system (9) is a planar analytic differential system.
Since there is a neighborhood of the origin filled with periodic orbits,
the origin is a nondegenerate center. By the Poincaré center theo-
rem system (9) has an analytic first integral in a neighborhood of the
origin. Recall the Poincaré center theorem, i.e. if a real planar ana-
lytic differential system has a singularity with a pair of pure imaginary
eigenvalues, then the origin is a center if and only if the system has an
analytic first integral.

(by). Since a punctured neighborhood of the origin of system (9) is
filled with periodic orbits, by the assumption that each periodic orbit
has trivial holonomy we get from Theorem 1 of [34] that system (9)
has n — 1 functionally independent C'*° first integrals. 0
Proof of statement (c). First we claim that all gx(z) are polynomials in
z = (r,w) with coefficients being polynomials in the coefficients of sys-
tem (9). Later on using the Hilbert basis theorem to these polynomials
we shall prove statement (c).

We now prove this claim. From the construction of system (10) we
know that each R;(6,z) with z = (r,w), i = 1,2,..., is a polynomial
in cos#,sin@, z with coefficients being polynomials in the coefficients
of system (9). Next we use induction to prove that £;(6,z) defined
in (12) and consequently z;(6, z) are polynomials in cos#,sin@, z with
coefficients being polynomials in the coefficients of system (9).

For j =1, £41(0,2) = R1(0,2). So

0
I1(87Z) :/ ‘CI(S?Z)d87
0

is a polynomial in cos#,sinf, z with coefficients polynomials in the
coefficients of system (9). For j = 2 we have

L0, 2) = Ra(0,2) + > Rianlb, 2).

laf=1

Note that Ry ,1(0, z) has its components RS{LJ(Q, 2),l=1,...,n—1,
being of the form

R (0, 2)
RY(0,2) = —2=2= % S 26,22 6,2)

ol ) ,
s1t..+sn—1=1 \Ji1+...+tja;=51

X ... X Z xg?_l)(ﬁ, z).. .:Egzl_l)(@, z)

j1+---+jan,1:5n71
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Observe that in the right hand side of this last expression of Rﬁ)a’l(e ,2)
all components are polynomials in the variables cos#, sinf and 2z with
coefficients polynomials in the coefficients of system (9). So R 4.1(6, 2)
and consequently

0
ra0,2) = [ Lals )i
0

are polynomials in the variables cos 6, sin # and z with coefficients poly-
nomials in the coefficients of system (9).

We assume that for & € N all z;(0, z) are polynomials in the variables
cosf, sinf and z with coefficients polynomials in the coefficients of
system (9), j =1,...,k — 1. We prove the same for x;(0, z). Since

0
n(0,2) = [ Luls,2)ds,
0

we only need to prove that L(6,z) is a polynomial in the variables
cosf, sinf and z with coefficients polynomials in the coefficients of
system (9). Since

k=1 k—i

Li(0,2) = Ri(0,2) + ) D Riani(0,2),

i=1 |a|=1
it remains to prove that R;, ;(f,z) with i,j7 < k are polynomials in
the variables cos 6, sin# and z with coefficients polynomials in the co-
efficients of system (9). But this follows easily from the expressions

Riai(0:2) = (RUL,0.2), .., RE(6,2))

’i70¢,j i,a,j
and
o p(l)
RE,ZY,j(e, z) = —al Z Z :Bg-l)(Q, Z).. xga)l (6, 2)
s1+...+sn—1=7J \J1t+...+tja;=51
(n—=1) 0 (n—1) 0
X ... X Z T (,z)...xjan_l(,z)

Jitetia,_1=Sn-1

Finally the claim follows from g (z) = fOZW Ly (s, z).

The assumption gx(z) = 0 for all k£ € N, is equivalent to the fact that
all the coefficients of gi(z)’s vanish. Ordering the coefficients of system

(9) as ¢q,...,cp for some M € N, we get from the last claim that
all coefficients of gi(z)’s are polynomials in the variables c¢q,...,cpy.
These polynomials form a countable subset, namely {By(c1, ..., cum)},

of Rley, ..., epl]. By the Hilbert basis theorem it follows that there
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exists a K € N such that the algebraic variety ({B,(c1,...,cn) =0}
i=1

K
is equal to the algebraic variety ({B;(c1,...,cnm) = 0}.
i=1
The above fact shows that there exists an N € N such that By, ..., Bg
appear in the coefficients of {g1(z),...,gn(2)}. So if gx(z) = 0 for
k=1,...,N, then

Bj(Cl,...,CM):O, jzl,...,K,

consequently
Bj(Cl,...,CM):O, ]:1,2,
This implies that gx(z) =0 for k =1,2... Statement (c) follows. O

Proof of statement (d). The idea of this proof partially comes from
[34]. If all gx(z) are identically zero, then a punctured neighborhood
of the origin of system (9) is filled with periodic orbits. If system (9)
is O' completely integrable in a punctured neighborhood of the origin
for some | € NU {oco,w}, let hi(x,y,2),..., hy—1(z,y, 2) be the func-
tionally independent first integrals of system (9). Then a punctured
neighborhood of the origin is foliated by these n — 1 first integrals,
that is each orbit of system (9) in such neighborhood is given by the
intersection of the level hypersurfaces of these first integrals. Without
loss of generality, we assume that h;(0) =0,7=1,...,n—1. Since the
origin is an isolated singularity of system (9), it follows that the ori-
gin O = (hy,...,hy_1)"%0,...,0), and consequently O is an isolated
singularity of the function H(z,y,z) = hi(z,y,2) + ...+ h>_|(z,y, 2).
This implies that each level surface H(x,y, z) = ¢ for ¢ > 0 sufficiently
small is an n — 1 dimensional invariant topological hypersurface. Since
a punctured neighborhood of the origin of system (9) is filled with
periodic orbits, we get that the hypersurface H(z,y,z) = c is foli-
ated by periodic orbits. Since any even dimensional sphere has Euler
characteristic 2, it follows from the Poincaré—Hopf index theorem [32,
p.35] that the vector field associated to system (9) restricted to H = ¢
must have singularities. We are in contradiction with the fact that the
sphere H = ¢ is filled up with periodic orbits. This shows that system
(9) cannot be C' completely integrable for any [ > 1. Statement (d)
follows. O

This completes the proof of Theorem 2. O

3.2. Proof of Example 1. System (15) under the rescaling x — ez,
y — ey, z — ez and w — €z, is transformed into

(39) bt=—y4ex?, Y=ax4exy, i=-w, UW=-z
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Doing the change of variables x = rcosf, y =rsinf, z = ru, w = rv,
system (39) becomes

(40)7'“:87"20089, 9:1, U= —v—curcosf, v =u—cvrcosb.

Choosing 6 as the new independent variable, we can write this last
differential system as

dR

(41) 5 = Fo(0.R) + e (0, R),

where R = (r,u,v), and

0 r2 cos 6
Fo(0,R)=| —v |, Fi(0,R)= | —urcosf
U —ur cos

Some easy calculations show that system

dRy(6)
do

(42) = Fy(0, Ro(0)),

satisfying the initial condition R(0) = Ry := (ro, ug,vg), has the solu-
tion

Ry(0) = (10, ug cos 8 + vgsin , —ug sin 6 + vg cos 0).

The variational equation of system (42) along the solution Ry(6) has
the fundamental solution matrix

1 0 0
®@)=| 0 cosf  sinf
0 sinf@ —cosb

Let R(6, Ry, ¢) be the solution of system (41) satisfying the initial con-
dition R(0, Ry,e) = Rp. Since system (41) is analytic, we can expand
R(0, Ry, <) in Taylor series

R(0,Ry,e) = Ro(0, Ry) + eR1(0, Ry) + e Ra (6, Ry) + ...
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In what follows we denote R,(0, Ry) = (ry, ug,v,)" for ¢ = 1,2,....
Substituting this expression in system (41) we get

2
d To
(43) % TR tcosh| —v |, Ri(0)=0
U2
qg—1
Z rsrq—l—s
s=0
dR, q—1
(44) d_eq =JR;+cosb | — z:;rsuq_l_s ,  R,(0)=0,
o1
- Z Tqu—l—s
s=0

for ¢ = 2,3,..., where J is the Jacobian matrix of Fy(#, Ry) with
respect to Ry.
Clearly system (43) has the solution

r2sinf
Ry(0,Ry) = | —rosinf(ugcosf + vgsinf)
—rosin f(ug sin @ — vg cos )

It follows clearly that ¢;(27) = Ry(27m, Ry) = 0. We claim that system
(44) has the solution
rd sin? 6
Rq(Q,Ro): 0 y q:2,3,....
0
Indeed, for ¢ = 2 the proof follows from direct calculation. The fact
that go(2m, Ro) = Ry, and ¢,(2m, Ry) = 0 for ¢ = 1,2, ... follows easily
from some calculations and induction. This completes the proof of the
example. O

4. PROOF OF THEOREM 3

As we did before the statement of Theorem 3 system (16) under the
change of variables

(45) §=x,  n=y+Pry),
was transformed to system (17), i.e.
t=y,  §=ap’ (1+ (@) +baa"y (1+g(z) +y°p(z,y),

where we still use (x,y) instead of (¢, 7). Clearly ag, b,, and h(z), g(z),
p(z,y) are uniquely determined by the coefficients of system (16). We
mention that the change (45) and its inverse are locally analytic. And
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we are in the case k = 2m + 1 for some m € N, ag;,11 < 0 and n > m.
In order to simplify notation we set ag,, 11 = —a with a > 0 and b,, = b.

Rescaling the variables and time by x — ez, y — ™y, t — e™™¢,
system (17) can be written in
(46)
T =y,
Y= —ax® (1 + h(ex)) + be" ™"y (1 + g(ex)) + ey’p (ex,e™y) .
Let Cs(#) and Sn(€) be the solutions of the Cauchy problem
(47) =y,  y=-—a,

satisfying the initial conditions x(0) = ((m + 1)/a)Ym+2) 4(0) = 0.
Then we have

dCs 6 dSnf

_ o 2m+1
(48) 0 Sné, 7 a Cs 6.
Since

a
H _ 2m+42 | 2

(@y) = —77"
is a first integral of system (47), it follows easily that
(49) aCs® 20+ (m+1)Sn* =m + 1.

Following Lyapunov [30], see also [12], together with some calculations,
we get that Cs(#) and Sn(é) are periodic functions.

Take the generalized Lyapunov polar coordinate change of variables
(18), i.e.

£ =r(0)Cs(0),  y =" (6)Su(6),
we can write system (46) via (48) and (49) as

F= —— 0 Cg2mH g S g h(er Osf)
m+1

b

m+1

+ %rm” Sn® O p(er Cs 6, ™ ™1 Sn h),
m

a

"Myt Cs" 9 Sn? 6 (1 + g(er Csh))

0=rm+ ™ Cs2™ 20 h(er Csh)

m—+1

b n—m,.n n+1
e L Cs"™0Sn6 (1+ g(er Csh))

— % ™ CneSn? O p(er Csf, g™t r™t Sn ).
m+ 1
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Choosing 6 as the independent variable this last equation can be written
as in (19), i.e.
dr

@ = Kl(Q,T)8+KQ<9,T)€2 4+ ...,

As in the proof of Theorem 1 we write

r(0,10,€) = 1o + Z elri(0,m0),

j=1

the analytic solution of equation (19) satisfying the initial condition
7(0,70,€) = 19. Then we have ry(0,79) = o, and r;(0,r¢), j =1,2,...,
were defined in (20) and (21).

Proof of statement (a). We note that each T,,, periodic solution of equa-
tion (19) is uniquely determined by 7(7,,,70,€) = ro, and 7(Ty,, 70, €) —
o0
ro = Y &2 gi(ro) with g;, defined in Theorem 3. So statement (a) follows
j=1
from the Implicit Function theorem. U
Proof of statement (b). If all gi(r) = 0, then all orbits of equation
(19) are T,, periodic, and consequently all orbits of system (16) in a
punctured neighborhood of the origin are periodic. This shows that
the origin of system (33) is a center. Since the origin is an isolated
singularity of system (16), we get from Theorem 1.3 of [33] that system
(16) has a C'™ first integral defined in a neighborhood of the origin and
it takes an isolated minimum at the origin. 0

Proof of statement (c). From the construction of gi(r) and arguing as
in the proof of statement (c¢) of Theorem 2, we get that all gx(r) are
polynomials in r with coefficients being polynomials in the coefficients
of system (16). Then working in a similar way as in the proof of
statement (¢) of Theorem 2, we can prove that there exists an N € N
such that gi(r) = 0 for all k£ € N is equivalent to gi(r) = 0 for k €
{1,...,N}.

We complete the proof of Theorem 3. O
Remark 2. Theorem 3 for system (16) can be extended to higher
dimensional polynomial differential systems of the form

i‘ - y+ P(‘r7 y7 2)7
(50) y=  Qz,y,2), (,y,2) € R",
i =Az+ R(z,y,2),

where z = (23,...,2,), and P,Q, R are polynomial functions without
constant and linear terms. As in the two dimensional case we rewrite
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system (50) in the following form

(51)
T =1y,
g =az*(1+ f(z,2)) + baly(1 + g(x,2)) + y*h(z,y, 2), (z,y,2) € R,
2= Az +ro(z,2) +ri(z, 2)y + ez, y, 2)y?,

with f,qg,h,ro, 1,72 analytic. Assume that each entry of A is a pa-
rameter or A = 0, and that a < 0, k =2m + 1, 1 > m, ro(x,z) =
O(|(z, 2)|™*?) and r1(0,0) = 0. After taking the rescaling

m+1

r—ex, y—e"y, 2 —sez t e ™, A— ™A,

and using the methods and arguments in the proofs of Theorem 2 and
Remark 1 we can obtain a result similar to Theorem 2 except for state-
ment (b). Instead we have that for n > 2 if all the periodic orbits have
trivial holonomy, then system (51) is locally C*° completely integrable
i a punctured neighborhood of the origin. The details are omitted.

Remark 3. Theorem 3 for system (16) can also be extended to degen-
erate singularities. Consider the next system

(52) i =y 4+ P(z,y), §=—ax®" +Q(x,y),

where a > 0 is a constant, | and k are positive integers, and P(x,y)
and Q(z,y) are polynomials in x,y and do not identically vanish si-
multaneously. Assume that the lowest order terms of P and Q) are of
degree at least 3max{k,l} if max{k,l} > 2 or of degree at least 4 if
k=1=1. After rescaling

@ = ey oy s Rty oy gmhl2ky

and taking the generalized Lyapunov polar coordinate changes

_

x Cs o, y=7r"Sny,

with Cs ¢ and Sn ¢ the solution of the initial value problem
i=y" g =—a®™ 2(0) = ((k+1)/a) VD y(0) =0,

i.e.

ACsp g o dng _

de dy

we can transform system (52) into a periodic differential equation of
the form (19). Then using the methods and the arguments of the proof
of Theorem 3 we can obtain a result similar to Theorem 3. This result
can also be extended from system (52) to higher dimensional differential
systems with some additional conditions as we did in Remark 2. The
details are omitted.

—aCs?

Y
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