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LIMIT CYCLES FROM A 4-DIMENSIONAL CENTER IN R™ IN
RESONANCE p:gq

LUIS BARREIRA, JAUME LLIBRE, AND CLAUDIA VALLS

ABSTRACT. Given positive coprime integers p and ¢, we consider the linear
differential center £ = Az in R™ with eigenvalues +pi, +¢i and 0 with mul-
tiplicity m — 4. We perturb this linear center in the class of all polynomial
differential systems of the form linear plus a homogeneous nonlinearity of de-
gree p+q—1, i.e., £ = Az + eF(x) where every component of F(z) is a linear
polynomial plus a homogeneous polynomial of degree p + ¢ — 1. When the
displacement function of order e of the perturbed system is not identically
zero, we study the maximal number of limit cycles that can bifurcate from the
periodic orbits of the linear differential center.

1. INTRODUCTION

In the qualitative theory of polynomial differential systems the study of their
limit cycles and mainly the obtention of information on their number for a given
polynomial differential system is one of the main topics. We recall that for a
differential system a limit cycle is a periodic orbit isolated in the set of all its
periodic orbits.

In dimension two, i.e. in the plane, the two main problems related with limit
cycles are: First, the study of the number of limit cycles depending on the degree of
the polynomial differential system. This is an old problem proposed by D. Hilbert
in 1900, known as the 16-th Hilbert problem (see the surveys [5, 6] for details),
and second the study of how many limit cycles emerge from the periodic orbits of
a given center when we perturb it inside a certain class of differential systems (see
the book [4]).

Since the study of limit cycles and mainly the obtention of information on their
number for a given polynomial differential system is in general a very difficult
problem (almost impossible), there are in the plane hundreds of papers trying to
solve these questions for many particular families of polynomial systems, see the
references quoted in the book [4] and in the surveys [5,6].

These problems have been studied intensively in dimension two, and unfortu-
nately the results are far from be satisfactory. In fact, the Riemann conjecture and
the 16-th Hilbert problem are the unique two problems of the famous list of Hilbert
which are not solved.

Our main aim is to extend these studies from dimension two to higher dimension,
and to observe the differences which appear due to the increasing of the dimension
of the polynomial differential systems. Thus we take a linear resonant center p : g
of dimension 4 living inside dimension m > 5 and study how many of the periodic
orbits of the center persist as limit cycles once this center is perturbed inside a
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class of polynomial differential systems of degree p 4+ g — 1. The interesting result
obtained for this class of polynomial differential systems is that the number of limit
cycles obtained are powers related with the dimension m having bases related with
the degree of the perturbation p 4+ g — 1, for the precise result see Theorem 1.
Here we study how many limit cycles emerge from the periodic orbits of a center
when we perturb it inside a given class of differential equations in dimension higher
than four. More precisely given m > 5 we consider the linear differential center

d
d—‘: =i =Az (1)
in R™, where
0 —-p 0 0 O 0
p 0 0 0 O 0
0 0 0 —q O 0
A= 0 0 g 0 O 0
0o 0 0 0 O 0
o 0 0 0 0 --- O
for some positive coprime integers p and q. We perturb system (1) in the form
&= Ax 4+ eF(x), (2)

where € is a small parameter, and where F': R™ — R"™ is a polynomial of the form
F=(Ft4+F,...,F"+ F@) with FF and F¥ arbitrary homogeneous polynomials
respectively of degrees 1 and N = p + ¢ — 1 in the variables x = (z1,...,z,,) for
k =1,...,m, with the exception that FF = \px) for k = 5,...,m. We note that
the polynomial perturbations F'(x) of this form cover all polynomial perturbations
of system (2) of degree 2 and 3 (this follows from the theory of normal forms; see
[3] for details).

For ¢ = 0 the differential system (2) has a 4-dimensional center in resonance
p : q. Without loss of generality we can assume that ¢ > p. We want to study
how many limit cycles can bifurcate from the periodic orbits of this center when
we perturb it inside the class of polynomial vector fields of the form linear plus a
homogeneous nonlinearity of degree p + ¢ — 1. Our main result is the following.

Theorem 1. Assume that p,q > 1 are coprime integers with ¢ > p and that m > 5.
Ife # 0 is sufficiently small and the displacement function of order e (see (5)) is not
identically zero, then the mazimum number of limit cycles of the differential system
(2) bifurcating from the periodic orbits of the 4-dimensional linear differential center
(1) is at most

(a) 2m 4 2m=132 L 245m—4 yf g =2 p=1, and

(b) 2pq(p+q—1)""*(p+a)* + 2pa(p + g+ 1)(p+q+2)""* if ¢ > 3.

We refer to section 2 for the definition of the displacement function of order .
Theorem 1 is proved in section 4 using the averaging theory described in section 2.
Indeed, Theorem 1 depends heavily on the computation of the averaged system
associated to the differential system (2), because its singular points with Jacobian
nonzero provide the limit cycles of the differential system (2) when the displacement
function of order ¢ is not identically zero. Theorem 1 improves and extends previous
results for system (2) restricted to R* (see [3, 7]) and in R™ for p =1 (see [1]).

When p, ¢ and m are relatively small the averaged system can be computed
explicitly, thus allowing one to improve the upper bound for the number of limit
cycles given by Theorem 1. In particular, we have established the following result
in [1].
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Theorem 2. If ¢ # 0 is sufficiently small and the displacement function of order
€ 1s not identically zero, then the maximum number of limit cycles of the differ-
ential system (2) bifurcating from the periodic orbits of the 4-dimensional linear
differential center (1) is at most

(a) 20ifg=2,p=1 and m =5, and

(b) 46 if =3, p=1 and m = 5.

We note that the corresponding upper bounds given by Theorem 1 are respec-
tively 256 and 1044.

2. FIRST-ORDER AVERAGING THEORY

The aim of this section is to present the first-order averaging method obtained
in [2]. We first briefly recall the basic elements of averaging theory. Roughly speak-
ing, the method gives a quantitative relation between the solutions of a nonau-
tonomous periodic system and the solutions of its averaged system, which is au-
tonomous. The following theorem provides a first order approximation for periodic
solutions of the original system.

We consider the differential system
i(t) = eH(t,x) + > R(t, z, ), (3)

where H: Rx D — R"™ and R: R x D x (—¢€g,g09) — R™ are continuous functions,

T-periodic in the first variable, and where D is an open subset of R™. We define
h: D — R" by

T
h(z) = / H(s,z)ds, (4)
0
and we denote by dg(h, V, a) the Brouwer degree of h at a (see [8] for the definition).

Theorem 3. We assume that:

(i) H and R are locally Lipschitz with respect to x;
(ii) for a € D with h(a) = 0, there exists a neighborhood V' of a such that
h(z) # 0 for all z € V\ {a} and dp(h,V,a) # 0.

Then for € # 0 sufficiently small there exists an isolated T-periodic solution ¢(-,e)
of system (3) such that ¢(a,0) = a.
The system @ = eh(z), is called the averaged system associated to system (3).

Hypothesis (i) ensures the existence and uniqueness of the solution of each initial
value problem on the interval [0, T]. Hence, for each z € D, it is possible to denote
by z(-, z,¢) the solution of system (3) with the initial value (0, z,e) = z. We also
consider the function ¢: D X (—&p,e9) — R™ defined by

T
C(ze) = /0 (cH(t, 2(t,2,2)) + 2 R(t, 2(t, 2,¢), £)) dt. (5)

This is called the displacement function of order €. It follows from the proof of
Theorem 3 that for every z € D the following relations hold:

a(T,z,€) = (0, 2,6) = ((z,¢), and ((z,) = eh(z) + O(?),
where h is given by (4) and where the symbol O(g?) denotes a function bounded
on every compact subset of D x (—¢&g, o) multiplied by £2.

We note that in order to see that dp(h,V,a) # 0 it is sufficient to check that the
Jacobian of D,h(z) at z = a is not zero, see for more details [8].
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3. AVERAGED SYSTEM
Writing
1 2 3 4 1 2 3 4 5 m
F, = (F|,F{,Fy, F,0,...,0), Fy=(Fyx,Fn,Fx,Fn,Fx,.., FY),

system (2) becomes

i = —pry +e(Fi () + Fy(2)),

iy = pry +e(FP(2) + F(2)),

i3 = —quy + e(FP(z) + F3(2)), (6)
d4 = qus + e(F} (z) + Fy (),

xk:fs()\kxk—i-FJ’f,(w)), k=5,...,m.

Lemma 4. Doing the change of variables from (x1,22,23,%4,%5,...,%Tm) to the
new variables (6,7, p,8,Ys, ..., Yym) given by

x1 =rcos(ph), xo = rsin(pd), xs = pcos(q(0+ s)), x4 = psin(q(0 + s)), xx = Yk,

for k = 5,...,m, and taking 6 as the new independent variable, system (6) is
transformed into the system

dr

@ = €H1(9) 75058, Y55+, Z/m) + 0(62)7

dp

7 eHy(0,7,p,8,Ys, - .., Ym) + O(?),
(7)
d
d—; = cHs(0,7,0,5,Ys, ..., Ym) + O(e?),
%:€Hk(9arapa3ay57-.-,ym)+O(52)7 k:5,.”’m’

where
Hy = (F} + Fy)cos(pd) + (FE + F%)sin(ph),

Hy = (F} + Fy) cos(q(6 + s)) + (F} + Fy)sin(g(6 + s)),
Hy — é((Ff‘ T+ FY) cos(g(0+ ) — (F3 + F3) sin(g(60 + 5))

- (7 FR) cos(p9) — (F} + F)sin(p0))

Hy = M\oyx + Fi.
Proof. In the variables (0,7, p,s,ys, .., Ym) system (6) becomes
=1+ ;((Jos(p@)(Fl2 + F%) — sin(ph) (F} + Fl{,))7

7 =cHi(0,7,0,8, U5, s Ym)s

p=eHy(0,r,0,8,Ys,- -, Ym), (8)
$=¢eHs(0,7,0,8,Ys5,--,Ym),
U = eHp (0,7, 0,8, Y5, -, Ym), k=5,...,m.

For e sufficiently small, H(t) > 0 for each (¢, (0,7, p,8,Ys5,...,Yym)) € Rx D. Now we
eliminate the variable ¢ in the above system by considering 6 as the new indepen-
dent variable. It is clear that the right-hand side of the new system is well defined
and continuous in R x D x (—¢g,&p), 2m-periodic with respect to the independent
variable 6, and locally Lipschitz with respect to (7, p, s,¥s, ..., Ym). From (8) equa-
tion (7) is obtained after an expansion with respect to the small parameter e. O



BIFURCATION OF LIMIT CYCLES 5
We recall a technical result from [3] that we shall use later on.

Lemma 5. Let a and 3 be real numbers. Given nonnegative integers i, j, k, 1, there
exist constants cyp and dy, such that cost asin’ a cosk 8 sin B is equal to

[(i+35)/2] [(k+1)/2]
Z Z cuv os ((i +j — 2u)a £ (k + 1 — 2v)3)
u=0 v=0

if 7+ 1 is even, and is equal to

[(i+5) /2] [(k+1)/2]
Yo Y duwsin((i 4§ - 2u0)a £ (k+1 - 20)p)
u=0 v=0

if 7+ 1 is odd. Here [x] denotes the integer part function of v € R.

Now we compute the corresponding averaged functions h;(r, p, s, ys, ..., ym) for
j=1,...,m of system (7) given in (4). We write

m
g _ 9,.. g _ g Q1,02 0
Fy = E aj; and I = E az .., T1 Ta T,
Jj=1 i1 +igt+ i, =N
for g=1,...,m. We also write
27

hj(r7p787y57"'7ym) = Hj(eﬂripﬂ87y5>“‘7ym)d6
0

for 7=1,2,3,5,...,m

Proposition 6. We have

Bi(7, Py 8, Y5+ sYm) = arr + 1777 pP (by sin(pgs) + ¢1 cos(pgs))
p+qg—1

1 prq—1—2l—i5—-—im 2l is irm
+ E diig..i, T ° P Ys Ym
2 tigd i =0

for some constants a1,b1,c1 and d11¢5~--im depending on the coefficients of the per-
turbation.

Proof. We write the function H, as
H, = Hi + HY = (F} cos(pf) + FZsin(ph)) + (Fp cos(pf) + F3 sin(ph)).

Then

2m
h%(r7sap7y57"'7ym): Hll(ersp,y5,,ym)d9

m (9)
= Z/ a; cos(pd) + a5 sin(ph))z; df = 7(aj + a3)r,
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and
27

hiv(rvsapa Ys, . 7ym) = H{V(G’T7S’p7 Y5y e ay’m) o
0

2
/ (af,..; o - zimcos(ph) +af .., ait -zl sin(ph)) df
0

i1t =N
2m , o ) , .
Z / aj,..;, TR p T cos™ T (ph) sin'? (ph)
it tim=N "0
~cos™ (q(0 + 5)) sin® (q(0 + 5))y5" -y dO

2
+ Z / ag, .., TR p T cos™ (p) sin®21(pf)
i14-+im=N"0
- cos’ (q(0 + s)) sin"* (q(0 + S))yé cylm dp.
By Lemma 5 we obtain

h’l (7“73’;0’3/57~-~a3/m)— § Tt 2p3 4y55"'ym
i1t tim =N

on [(G1+i2+1) /2] [(i3+34)/2]
I

D Cnim6)do,
v=0
Clyim =iyt cos (i1 +ia + 1 — 2u)ph + (ig +ig — 20)q(0 + ))
+ dzlvlm SiIl ((11 + i2 =+ 1-— 2u)p9 + (’L3 —+ i4 — 21))q(9 + 8)),

u=0

where

for some constants ¢’ and di% . Therefore all the integrals with respect to ¢
are zero except possibly when

p(il +i0+1— 2u) = q(ig + 14 — 2’0). (10)

Without loss of generality we continue to assume that p < ¢. Since p and ¢ are
coprime, there exists a nonnegative integer n such that ¢; + i3 + 1 — 2u = ng and
i3 + 14 — 2v = np. Furthermore, since

0<i1+i2+1-2u< N+1=p+yq,

we have that ng < p+ ¢, and thus n < (p + ¢)/q < 2. So either n =1 or n = 0,
i.e., either i3 +i4 — 2v = p or i3 +i4 — 2v = 0.

If i3 + iy — 20 = p, then i1 +is + 1 — 2u = ¢, and it follows from (10) that
54+ im=N— (i1 +is+i3+1i4) = —2(u+v).
Therefore u =v=0=145 =--- =14, =0, and hence i; +is = ¢— 1 and i3 +i4 = p.

This yields the term
r471pP (by sin(pgs) + c1(cos pgs)). (11)

Ifig+is—2v =0, then 2v+i5+---+4, =N —iy —ig, and 20445+ - +ip,
runs from 0 to N = p+ ¢ — 1. This yields the terms

p+q—1

1 Fq—1-20—i5— iy 20, i
g dyis..q, TP 3 o= YS -y (12)
20415+ +im=0

The proposition follows adding the terms from (9), (11) and (12). O
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Proposition 7. We have

ha(r,p, 8, Ys, - - - Yym) = azp + 19pP " (by sin(pgs) + c2 cos(pgs))
pt+q

2 pHq—2v—is—--—ipm 20—1, i5 7
+ Z Ayigein, T ? mp Ys' Y s
2vtis+-Fim=1

for some constants as, by, cy and d12)i5~
turbation.

i, depending on the coefficients of the per-
Proof. As in Proposition 6 we write the function Hy as
Hy = Hy + HY = (F} cos(q(0 + s)) + Fi sin(q(0 + s))
+ (F3 cos(q(0 + s)) + Fysin(q(0 + s)).

Then
27

h%(ra S, 0,Y5, - - aym) = H21(97T7S’pa Y5y e 7y'm) do

S~

/027r (a? cos(g(0 + s)) + a? sin(q(0 + s)))x; db (13)

|

J
= m(a5 +a3)p,
and using Lemma 5 we obtain

2m

B (7,8, Py Yss - s Ym) = HY(0,7,8,0, Y5, - - -, Ym) dO
0

27
= Z / a‘?l‘,,imr“”? piati cos' (ph) sin2 (ph)
i1etip =N /0
-cos®T1(q(0 + s)) sin™ (q(6 + s))yé5 ceylm do
27
=+ Z / ai...imrilﬂzpigﬂ“ cos™ (pf) sin’? (ph)
irteetipm =N "0
- cos™ (q(0+ s)) sini4+1(q(0 + s))yés .. y;;; do
_ Z ,ri1+i2pi3+i4yé5 . y:ﬁn
i1 tim=N
o [(i1+42)/2] [(ia+i4+1) /2]

/ > > Do),

u=0 v=0
where
Diyim = cliim cos ((iy + i2 — 2u)pl % (ig + s + 1 — 20)q(0 + 5))
+diyy i osin (41 + do — 2u)pd £ (i3 + ia + 1 — 20)q(0 + s)),
for some constants it and dft;m. All the integrals with respect to 6 are zero
except possibly when

Since p and ¢ are coprime, there exists a nonnegative integer u such that iy + i —
2u = nq and i3 + i4 + 1 — 2v = np. Furthermore, since

0<ig+uu+1-20<N+1=p+yq,

we have that np < p+ ¢, and thus n < (p+ ¢)/q¢ < 2. So either n =1 or n = 0,
i.e., eitherig+is+1—2v=porig+is+1—2v=0.
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If i3 + i4 + 1 — 2v = p, then by (14) we obtain that

p+q—1—i3—i4—105— -+ — 1ty — 2u =11 + i3 — 2u = g,
and hence,
st timt2ut+2v=p—1—izg—ig+2v=0.
This implies that i5 = --- = 4,,, = 0 and v = v = 0. Then i3+ 44 = p— 1 and

i1 + i3 = @, which yields the term
r9pP~ " (by sin(pgs) + ¢z cos(pgs)). (15)
If i3 4+ 144+ 1 —2v =0, then
0+is+ - iy, —1=N—1i; —ia.
Thus 2v + i5 + - - - + 4y, runs from 1 to p + ¢, yielding the terms

p+q

2 pHq—2v—i5——im 2v—1, i5 T
E : dvismimT P Ys = Ym - (16)
vt tim=1

The proposition follows adding the terms of (13), (15) and (16). O

Proposition 8. We have

ha(r,p, . Ys, - Ym) = az + 1972 pP (by sin(pgs) + c3 cos(pgs))
+ 7pP =2 (d3 sin(pgs) + e5 cos(pgs))

pHq—1 )
+ Z diismim ,errquvafg7...,imp2vyé5 L yi;b"
Qutigt i =0
rtq )
+ Z dgi\r)mim,,,p+q72v7i57<~~7imp2v72yg5 . y;’;{t’

Qs+ tipm=1

for some constants as,bs,cs,ds,es, d>

4
Vi im and dvi5~
cients of the perturbation.

;. depending on the coeffi-

Proof. We have Hz = Hi + HY where

H; = 1 (F14 cos (q(0 + s)) — F} sin (q(0 + s))) 1 (Fl2 cos(ph) — F}! sin(p&))7
ap pr

HY = %(Fﬁ, cos (q(0 + s)) — Fiy sin (q(0 + s))) - pir(FJ%, cos(pf) — Fi sin(pe)).

Proceeding in a similar manner to the proofs of Propositions 6 and 7 we get

2
ha(r,p,s,ys, - s ym) = | Hz(0,7,p,8,Y5,- -, ym) dO
y (17)
_ (a3 —af) w(a] —aj)
B q p
Now we calculate
2m
hév(r, 0y 8, Y5, s Ym) = Hév(e,r,p,s,yg,, ey Ym) dB.

0
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In a similar manner to the proofs of Propositions 6 and 7 we get

1 a1 e .
hév(r,p,s,y5,--- ’ym) [ Z ru-‘rzzpzs-l-u 1yéo y%n
q i1t +im =N
or [(B1+42)/2] [(i3+ia+1)/2]

. /O 3 ST ELn(0)de

u=0 v=0

(18)
1 Z piria=lpiatiagis im
Py Tam=n
om [(i1+ia41)/2) [(istia)/2]
XY e
0 u=0 v=0
where
Etm = bt cos ((iy + i — 2u)pd £ (i3 + iq + 1 — 20)q(0 + 5)) 19)
+ diyy ' osin (61 + d2 — 2u)pl £ (i3 + i + 1 — 20)q(0 + s)),
and
Fivim — fiiim coq ((11 +io 4+ 1 —2u)pb £ (is +iq4 — 20)q(0 + s)) (20)

+ ity sin (i + a4+ 1 — 2u)ph =+ (is + ia — 20)q(0 + 5)).
The terms whose integrals need not be zero satisfy
p(iy +ia — 2u) = q(iz + 4 + 1 — 20)
in equation (19), and
plir +iz + 1= 2u) = q(iz + iy — 20)
in equation (20).

The arguments in the proof of Proposition 7 show that in (18) the terms that
may remain in the first sum are

7pP =% (dg sin(pgs) + e3 cos(pgs))

(21)

4 +q—2v—15—--—1 20—2 4 7

§ dvis-“imrp 4 ° mp y55 e ynT7
2’U+’L5++Z7n71

and the arguments in the proof of Proposition 6 show that the terms that may
remain in the second sum are

1972 pP (bs sin(pgs) + cs cos(pgs))

p+q—1 (22)
+ Z d34 ] rp+q7272v7i57---7imp2'uyés . yim
V5T m
20454 +ipm =0
The proposition follows adding the terms in (17), (21) and (22). O
Proposition 9. For k=5,...,m, we have

hk(r7 PSS, Y5, 7ym) = )\kyk
p+q—-1
5 +q—1—2v—is—-—im 20 i im
20+i5+Fim=0

for some constants df’}is,,,im depending on the coefficients of the perturbation.
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Proof. As in the former proofs, we write Hy, = H} + H}Y where H} = \yyx and
H ,iv =F ﬁ,, and we compute the function

2w
hkN(r7 S$,0,Y55 - - - 7ym) = H,iV(G,r, Sy Py Y55 - ym) do.
0
Proceeding as in the proofs of Propositions 6 or 7 we obtain

27
RY (7, 0,8, U5y > Ym) = Z / ai;cl_“imrnﬁzpiﬁu cos™ (pf) sin’® (pf)
it tig =N 0

- cos®® (q(0+ s)) sin® (q(0+ 5))y25 .. y;;ﬂ do

_ Z ,,,i1+i2 pi3+i4yé5 L. yim
m
i1t Fim =N
on [(11+i2)/2] [(i3+14)/2]

[ Y X cwrew
0 u=0 v=0
where
Gl tm = gity i cos ((in + i — 2u)ph £ (i3 + is — 20)q(0 + 5))
+ hittmosin ((in + do — 2u)pl + (i + ia — 20)q(0 + 5)).
All the integrals with respect to 6 are zero except possibly when

p(i1 + 12 — 2u) = q(iz + 14 — 2v). (23)

Proceeding as in the proof of Proposition 6, we find that either i3 + iy —2v = p or
i3+ 14 — 20 = 0.

If i35 + iy — 2v = p, then by (23) we obtain
q—1—i5——tp—20v—2u=g¢q, thatis, —1—d5— - —ip —20—2u=0,
which yields a contradiction. Therefore, this case does not occur.
If i3 + i4 — 2v = p, then
2U+15++Zm :p+q—1—il—’i2.
Hence 2v 4 45 + - - - + 4y, runs from 0 to p 4+ ¢ — 1, and we obtain the terms
p+q—1 )
20tist-Him=0

This yields the desired statement. O

4. PROOF OF THEOREM 1

We recall a technical result proved in [7].
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Lemma 10. If p, q, a and 8 are nonnegative integers with o + 3 = q — 1 and

v+ =p, then

1 2
o cos®(p) sin® (pf) cos™ (q(6 + s)) sin’ (q(6 + s)) db
0
(_1)(ﬁ+6)/2
BT cos(pqs) if B, 0 are even,
(—1)B+o-1)/2
BT sin(pgs)  if B is even and § is odd,
R AN
BT sin(pgs) if B is odd and § is even,
_(_1)(ﬁ+6)/2
T opta—1 cos(pgs) if B, 0 are odd.

We will use the following proposition.

Proposition 11. The function hs(r, p, s,ys, ..., Ym) is given by
1, .
hs(r, p, 8,Ys55 - - Ym) = az + ];7”1 2pP (= crsin(pgs) + by cos(pgs))

1
+ grqpp*Q( — ¢ sin(pgs) + by cos(pgs))

p+q—1
3 pHq—2—2v—i5——im 20, 15
+ g dyieoi) T P~ Y5
2udigd i =0
p+q
4 pHq—2v—i5—-—ipm 20—2, i5
+ E dvi5---imr "p Ys
2v+tistFim=1

where by, cq are the constants in Proposition 6, and bs,co are the constants in

Proposition 7.

Proof. Using the notation of Proposition 8 we shall prove that b3 = —c1/p, ¢35 =

1 i1 ,.02

bi/p, d3 = —cz/q and e3 = by /q. To simplify the proof, let a; ;,..; =73

a monomial in F3 such that iy +i2 =¢—1,4i3 =0, iy =pand i5 =--- =

When we compute hy and hg, this monomial appears in h; as

2
/ aj,..;, cos" T (ph) sin’ (ph) sin(q(6 + s)) db,
0
and in hs3 as
L i - iatl ~
, a;,...;, cos" (pd)sin">"" (p) sin(q(0 + s)) d.
0
By Lemma 10 the term in (24) is equal to

—1 i2/2
(21)77+q7ra111“-im Sin(pqs% if i5 is even,
—1)G=2+1)/2
7()2pi+qﬂ—alllwim cos(pgs), if iz is odd,
and the term in (25) is equal to
(_1)(1:2+1)/27r
T

—1)2/2 o )
<2,3+qpall1'“im cos(pgs), if i + 1 is odd.

aj,..;, sin(pgs), if iz 41 is even,

im
-~y be

im = 0.

(24)

(25)
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For iy odd the coefficient of the monomial appears in a sum determining the co-
efficient of 7971 pP cos(pgs) in hi, and also appears in a sum determining the co-
efficient of r772pP sin(pgs) in hz with the opposite sign. In a similar way for io
even the coefficient of the monomial appears in a sum determining the coeffi-
cient of 7?9~ !pPsin(pgs) in h;, and appears in a sum determining the coefficient
of 7972 pP cos(pqs) in hz with the same sign.

We can do the same for all monomials in Fy, Fi and Fy, and thus we conclude
that b3 = —c1/p, c3 = by /p, d3 = —ca/q and ez = ba/q. O

Now we have all the ingredients to prove Theorem 1.

Proof of Theorem 1. It follows from Propositions 6, 7, 9 and 11 that

hi = ayr+ri~1pP (b1 sin(pgs) + ¢1 cos(pqs))
p+q—1

1 PHq—1—2v—i5—-—ipy, 2V, i5 i
+ E Ayigeiin, T ° Y Y
2vtis+-+im =0

ho = azp+ ripP~! (b sin(pgs) + c2 cos(pgs))
p+q

2 p+q—2v—is—---—1i 2v—1,195  ,im
+ E digeiy, T ? mp Ys Ym' >
2vtis+- i, =1

1
hs = as+ ];rqﬁpp( — c1 sin(pgs) + by cos(pgs))

1
+ 57"’,0”*2( — ¢9 sin(pgs) + b cos(pgs))

pt+g—1
3 P+q—2—2v—i5— - —ipm 20V, I5 im
+ E yigviy™ R T
205+ i =0
p+q

4 +q—2v—i5—-—1 20—2,_ 15 i,
+ § Ay, 70T s mp Ys  Ym's
Qvtistetim=1
pt+g—1
_ 2 : 5 +q—1—2v—i5—-—ip 20, 0 im
hk - )\kyk? + dvi5~-im7"p a "p y55 Y
20+is+Fim=0

where h; = hj(r,p, 8,95, ..., Ym)-
According to the results of section 2 we must study the real solutions of the
system
hi(r,p, 8,95y« ym) =0 for k=1,2,3,5,...,m (26)

that have nonzero Jacobian. In order that these solutions can provide limit cycles
of system (2) we must look for those such that r2 + p? # 0. We distinguish three
cases.

Case 1: =0 and p # 0. If ¢ > 2 then in system (26) the variable s does not
appear. So the Jacobian of the system is always zero, and consequently the number
of limit cycles of system (2) provided by the averaging theory is zero in this case.

In this case if ¢ = 2, then p = 1, and it is easy to check that all the equations of
system (26) (except the first one which is identically zero) are polynomial equations
of degree two in the variables r, p, ys, . . . , Ym, cos(2s) and sin(2s). Therefore, adding
to system (26) the equation cos?(2s) +sin?(2s) = 1 by the Bézout Theorem (see [9])
the maximum number of limit cycles that can appear in this subcase is 2. Since
for each solution wy = cos(2s) and zy = sin(2s) of cos?(2s) + sin?(2s) = 1 we can
find s1,s2 € [0,27) such that sin(2s;) = z¢ and cos(2s;) = wg for i = 1,2, we get
that the total number of solutions of system (26) is at most 2™.
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Case 2: b = co =0, p =0 and r # 0. Then the degree of the polynomial equations
of system (26) in the variables r, p, ys, ..., Ym, cos(pgs) and sin(pgs) are p+q — 1,
p+q, p+q, p+q—1,...,p+ qg— 1 respectively. Therefore, adding to system
(26) the equation cos?(pgs) + sin(pgs) = 1 by the Bézout Theorem the maximum
number of limit cycles that can appear in this case is 2(p+¢—1)""3(p+q)?. Since
for each solution wy = cos(pgs) and zy = sin(pgs) of cos?(pgs) + sin?(pgs) = 1
we can find s1,...,8y, € [0,27) such that sin(pgs;) = z¢ and cos(pgs;) = wy for
i1 =1,...,pq, we obtain that the total number of solutions of system (26) is at most
2pq(p+q—1)""3(p + q)*

Case 3: rp # 0. Now we perform the change of variables
ritpPt =B, p/r=A, sin(pgs) =z, cos(pgs) =w, yi/r=Cy
for k =5,...,m. In the new variables the functions
hi = hi/r, hy = ha/r, hs = phs/r, ha=22+w?>—1, hy= hi /T

for k =5,...,m are given by

ill =ay + AB(blz + clw) + Alipol(Az, 05, ey C’m);

hy = asA + B(byz + cow) + ATPBPy(A%,Cs,...,Ch),

~ 1 1

hs = azA+ ~A?B(—c12 + biw) + = B(—caz + byw)

p q
+ A>"PBP3(A%,Cs,...,Cp) + ATPBPy(A%,Cs,...,Ch),

l~L4 =22 +w?— 1,

hy = M\Cy + AYPBP,(A%,Cs, ..., Cp),
for kK =5,...,m, where

p+q—1 _ ) ‘
Pi(AQﬂCESa"' 7Cm) = Z ;‘is,‘_l’m’AQngE’ O:;l"
2tigt-Fim=0
for ¢+ = 1,3,k and
p+q ) ) )
Pi(A2,C5,-- ,Cp) = Z i A2CH O
2tigt-figm=1
for i = 2,4.
Solving (hy, ha, hs) = (0,0,0) we find the solution

z=ATPZ(A% Cs,---,C), w=ATPW(A% Cs, - ,Ch),
B = AP"IB(A% Cs, - ,Cy),

where
Z1 Wi — B
Z = W=— d B=
7’ Zy By’
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with
Z1 = Alas(bi Py — c1pP3)q + aip(—ba Pa + caPiq) + A% (asbopPy
—(a1b1 Py + p(agcaPr — asc1 Py — a1¢c2Ps + asc1 Pa))q),

Zy = a1(b3+ c3)p — Ataz(b3 + 2)q + A%(—aa(b1ba + c1c2)p
—|—(a1b1b2 4+ ajcico — azbocyp + a3b102p)q),

Wy = A'as(c1 Py + bipPs)q — a1p(ca P + ba Pyq)
—A?%((—asbapPy + ar1c1 Py + azbipPs + a1bapPs)q — asp(ca Py + b1 Pyq)),

By = ay(b3+ c3)p — A*as(b? + c2)q + A%(—az(b1by + c1c0)p
+(a1biby 4+ arcico — azbacip + asbicap)q),

BQ = (blbg + Clcg)ppg — (b% + C%)ppl + (A2(b%P2 + 01(—02P1 + 61P2 + bgppg)
7bl(b2P1 —+ Cgppg)) —+ (b261 — b102)pp4)q.

Therefore in the variables (A42,Cs,...,C,,), B is a quotient of a polynomial of
degree 2 by a polynomial of degree p + ¢ + 1, Z is a quotient of a polynomial of
degree p + g + 1 by a polynomial of degree 2, and W is a quotient of a polynomial
of degree p + ¢+ 1 by a polynomial of degree 2.

Substituting z and w in the equation ha = 0, we obtain a quotient of a polynomial
of degree 2(p-+q+1) by a polynomial of degree 4+p in the variables (A2, Cs, ..., C,,).

Substituting B in the equations h; = 0 we obtain a quotient of a polynomial of
degree p+q+2 by a polynomial of degree p+¢+1 in the variables (A2, Cs, ..., Cy,).
Therefore, by applying Bézout’s theorem we have that the maximum number of
possible roots (A2, Cs, ..., Cy,) of the numerator of (i~z4, hs,. .., ﬁm) = 0 is given by
2(p+q+1)(p+ g+ 2)™ % For each solution (4%, Cso,...,Cmo) we have at most

one By = B(A2,Cso, . ..,Cpmo) and one pair
(20, wo) = (2(A45, Cs0, - - ., Cimo), w(AZ, Cso, - - ., Cimo)).

For each pair (zg,wo) we can find s1,. .., spq € [0,27) such that sin(pgs;) = 2o and
cos(pgs;) = wg for i = 1,...,pg. So in this case the maximum number of zeros of
system (26) is at most 2pq(p +q+ 1)(p + ¢ + 2)™ 4.

Now we put together the results of the three cases. By Theorem 3 the maximum
number of limit cycles obtained via averaging theory for system (2) is

2" +2pq(p+q—1)""3(p+q)* +2pq(p+q+1)(p+q+2)" "+ = 2"+ 2" 132 4 245m 4
ifg=2,p=1, or

2pq(p+q—1)""(p+a)* +2pa(p+ g+ 1)(p+q+2)"",
if p4+ ¢ > 3. This completes the proof of the theorem. O
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